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ABSTRACT OF THE DISSERTATION
ENIGMATIC FAUNAL DECLINES AT LA SELVA, COSTA RICA: PATTERNS
AND PROCESSES IN A COLLAPSING NEOTROPICAL HERPETOFAUNA
by
Steven M. Whitfield
Florida International University, 2011
Miami, Florida
Professor Maureen Donnelly, Major Professor
Amphibian populations are declining even in pristine areas in many parts of the world,
and in the Neotropics most such enigmatic amphibian declines have occurred in mid- to
high-elevation sites. However, amphibian populations have also declined at La Selva
Biological Station in the lowlands of Costa Rica, and similar declines in populations of
lizards have occurred at the site as well. To set the stage for describing amphibian
declines at La Selva, I thoroughly review knowledge of amphibian decline and amphibian
conservation in Central America: I describe general patterns in biodiversity, evaluate
major patterns in and ecological correlates of threat status, review trends in basic and
applied conservation literature, and recommend directions for future research. I then
synthesize data on population densities of amphibians, as well as ecologically similar
reptiles, over a 35-year periods using quantitative datasets from a range of studies. This
synthesis identifies assemblage-wide declines of approximately 75% for both amphibians
and reptiles between 1970 and 2005. Because these declines defy patterns most
commonly reported in the Neotropics, it is difficult to assess causality evoking known
processes associated with enigmatic decline events. I conduct a 12-month pathogen
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surveillance program to evaluate infection of frogs by the amphibian chytrid fungus, an
emerging pathogen linked to decline events worldwide Although lowland forests are
generally believed to be too warm for presence or adverse population effects of
chytridiomycosis, I present evidence for seasonal patterns in infection prevalence with
highest prevalence in the coolest parts of the year. Finally, I conducted a 16-month field
experiment to explore the role of changes to dynamics of leaf litter, a critical resource for
both frogs and lizards. Population responses by frogs and lizards indicate that litter
regulates population densities of frogs and lizards, particularly those species with the
highest decline rate. My work illustrates that sites that are assumed to be pristine are
likely impacted by a variety of novel stressors, and that even fauna within protected areas
may be suffering unexpected declines.
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INTRODUCTION
Amphibian declines are rapidly emerging as a frontier issue in conservation
research. While amphibians have been long neglected in basic and applied conservation
research compared to other vertebrate groups (Lawler et al. 2006, Gardner et al. 2007), a
consensus emerged in the 1990s that amphibians are declining at alarming rates
(Pechmann et al. 1991, Pechmann and Wilbur 1994, Alford and Richards 1999, Alford et
al. 2001). Approximately 32% of amphibian species are believed to be threatened with
extinction, and more than 120 species have disappeared globally – many of these are
undoubtedly extinct (Stuart et al. 2004). While amphibian declines in human-dominated
landscapes are expected given current understanding of ecological processes, amphibian
declines are also widespread in national parks and protected reserves - habitats thought to
be among the most pristine sites remaining on the planet; these declines in pristine sites
have been dubbed “enigmatic declines” (Alford and Richards 1999, Stuart et al. 2004,
Sodhi et al. 2008) A number of factors are undoubtedly implicated in amphibian
declines, both enigmatic and conventional – including habitat modification,
contamination from pesticides and other xenobiotic compounds, emerging infectious
diseases, and climate change (Kiesecker et al. 2001, Collins and Storfer 2003, Stuart et al.
2004, Sodhi et al. 2008). Sorting the relative contributions of these factors has proved a
considerable challenge in applied conservation research.
Amphibians in the Neotropics have been affected particularly adversely by
enigmatic amphibian declines (Lips 1998, Young et al. 2001, Lips et al. 2005, Lips et al.
2006). Several perceived phenomenological similarities link the majority of observed
amphibian decline events in the Neotropics: declines are believed to occur primarily in
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montane sites (Lips 1998, Lips 1999); declines are believed to primarily affect riparian
species of amphibians (Lips 1998, Lips 1999, Lips et al. 2003); and amphibians are
believed to decline while other taxa appear unaffected. However, none of these general
rules is absolute. Terrestrial species of amphibians have been observed to decline (Lips
and Donnelly 2005, Lips et al. 2006, Rovito et al. 2009). Limited observations of
lowland population declines and extinctions have been reported (Stewart 1995,
Puschendorf 2003, Puschendorf et al. 2005, Puschendorf et al. 2009, Richards-Zawacki
2010). Populations of lizards have declined at sites where amphibian declines have
occurred (Pounds et al. 1999), and also appear to be widespread throughout montane
regions of the Neotropics (Huey et al. 2009, Sinervo et al. 2010).
In this dissertation, I describe patterns behind and explore processes responsible
for long-term declines in amphibian and reptile populations at a well-studied research
reserve: La Selva Biological Station in Costa Rica. These declines are problematic
because they appear associated with population declines in amphibian populations
occurring throughout Central America, but differ in a number of important ways. These
declines are therefore unlike any other declines reported for the Neotropics, and the
causal processes responsible for these declines are difficult to identify.
In Chapter 1, I provide a thorough background for understanding such declines by
reviewing the extensive body of literature addressing amphibian decline and amphibian
conservation in Central America. Chapter 1 reviews amphibian diversity in the region,
identifies correlates of threat status among amphibians in the region, provides a detailed
review of research on amphibian decline in the region, and highlights important areas for
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future research. This chapter was written for a volume in the Amphibian Biology series
edited by Hal Heatwole.
In Chapter 2, I describe patterns behind long-term declines in populations of
amphibians and reptiles at La Selva Biological Station. I synthesize data collected over a
35-year period (1970-2005) using a single standard method for examining population
densities of leaf-litter amphibians and reptiles to explore long-term fluctuations or
directional change in density. While there was no a priori reason to expect population
declines given current knowledge of amphibian declines, data indicate approximately
75% declines in populations of both amphibians and reptiles over this period. A large
number of factors may be implicated in these declines (Figure 1) including indirect
effects of habitat fragmentation, climate change, the emerging infectious disease
chytridiomycosis, and contamination by pesticide drift from nearby agricultural areas.
This chapter is published in the Proceedings of the National Academy of Sciences USA.
In Chapter 3, I explore temporal dynamics of infection by the amphibian chytrid
fungus in three species of frogs at La Selva. The disease chytridiomycosis, a potentially
lethal infection by the apparently non-native chytridiomycete fungus Batrachochytrium
dendrobatidis (Bd), has been implicated in most enigmatic amphibian decline events in
the Neotropics. A number of studies have shown that Bd is temperature sensitive, prefers
cool climates, and cannot survive warm climates. The inability of Bd to survive warm
climates has been used to explain why most enigmatic amphibian declines have occurred
in cooler montane regions of the US. It has been suggested that Bd cannot cause declines
in warm lowland sites such as La Selva. I address this assumption by describing
prevalence of Bd at this site over a 12-month study period.
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In Chapter 4, I explore the potential role of shifting dynamics of leaf litter in
long-term declines in both amphibian and reptile populations at La Selva. A wide variety
of studies have suggested that depth of standing leaf litter is a primary correlate of
density for leaf-litter amphibians and reptiles (Scott 1976, Lieberman 1986, Fauth et al.
1989, Whitfield and Pierce 2005). Climate-related shifts in litterfall or litter
decomposition rates, which are sensitive to a changing climate e.g. (Clark et al. 2003),
may be reducing depth of standing litter on the forest floor and depleting critical
microhabitats for amphibians and reptiles. Further, apparent increases in populations of
collared peccaries have been suggested to accelerate decomposition of leaf litter by
mechanical degradation of litter through trampling effects. To explore impacts of litter
depth on amphibians and reptiles, I conduct a 16-month field experiment to relate litter
quantity to population densities of amphibians and reptiles.
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CHAPTER 1: DECLINE AND CONSERVATION OF AMPHIBIANS IN CENTRAL
AMERICA

ABSTRACT
I review the conservation status of amphibians in Central America, describing general
patterns in biodiversity, evaluate major patterns in and ecological correlates of threat
status, review trends in basic and applied conservation literature, and recommend
directions for future research. I begin by describing the Central American environment in
order to describe patterns of amphibian species richness and patterns of endemism in the
context of ecological associations and biogeographic patterns. I use data from the Global
Amphibian Assessment (GAA) to explore the conservation status of amphibians in the
region. I review conservation threats in light of a meta-analysis of conservation of Central
American amphibians; 43 papers out of 401 valid studies of amphibians in Central
America from 1967 to 2007 dealt with conservation. My analysis revealed gaps in spatial
coverage for the region and a paucity of studies focused on particular processes. Most
research in Central America has focused on losses associated with the spread of
chytridiomycosis. I also review conservation actions in place and conclude with
statements concerning future research in Central America.
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INTRODUCTION
Central America, the geographic province that spans seven political entities
between southern Mexico and northern South America, is a global hotspot of amphibian
biodiversity, a priority region for conservation action, and a site of intensive amphibian
research. While Central America comprises only 0.36% of global land area, it harbours
7.2% of extant amphibian species (Myers et al. 2000; Stuart et al. 2004; Lamoreux et al.
2006). In addition to facing conventional threats to biodiversity such as modification and
degradation of habitat, Central American amphibians have experienced some of the most
severe, rapid population declines and mass-mortality events ever reported (Crump et al.
1992; Pounds and Crump 1994; Pounds et al. 1997; Lips 1999; Lips et al. 2005, 2006,
Pounds et al. 2006a). The rapid, apparent extinction of the Golden Toad, Incilius
periglenes, from Monteverde, Costa Rica, helped mobilize herpetologists to consider the
existence of the crisis in amphibian decline (Crump et al. 1992; Pounds and Crump 1994)
and later empirical studies from Central America have helped to convince skeptical
biologists of the reality of these declines (Pounds et al. 1997; Lips 1998, 1999; Lips et al.
2006). Data from Central America have helped steer biologists toward examination of
putative causes contributing to declines in Central America and throughout the world
(Berger et al. 1998, 2008; Pounds 2001; Lips et al. 2005, 2006, 2008; Pounds et al.
2006a; Whitfield et al. 2007, Rohr et al. 2008, Rohr and Raffel 2010).
Enigmatic amphibian declines and disappearances were first noticed in Central
America in the early 1980s in Guatemala and Honduras when repeat surveys of historic
locations failed to yield once-common species (Campbell 1999; McCranie and Wilson
2002; Rovito et al. 2009). In the late 1980s, well-reported declines occurred at
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Monteverde, Costa Rica; the Golden Toad, the Monteverde Harlequin Frog and
numerous other species in the area all declined in 1987-1988 although no field surveys
were conducted over that period and no mortality was noted (Crump et al. 1992). The
declines at Monteverde were initially suggested to be linked to shifting climate –
specifically, to increasing temperature and reduced moisture in cloud-forest habitats
(Pounds and Crump 1994). Through the 1990s and 2000s, additional declines were
reported in upland forests of southern Costa Rica and Panama (Lips 1998, 1999; Lips et
al. 2006, 2008; Woodhams et al. 2008; Richards-Zawacki 2010). These declines were
shown to have reduced species richness by 50% and density by 80% within as short a
time period as six months (Lips et al. 2006). The declines appeared to spread from
Monteverde toward the southeast, and spatiotemporal patterns of decline gave rise to the
“extinction wave hypothesis” (Lips 1999; Lips et al. 2006). This wave was later
associated with the invasion front of the emerging amphibian disease chytridiomycosis,
producing the “spreading pathogen hypothesis” (Lips et al. 2006, 2008). As a consensus
arose over the central role of chytridiomycosis in these enigmatic declines,
reinterpretation of the data from Monteverde gave rise to the “climate-linked epidemic
hypothesis,” followed by the controversial “chytrid thermal-optimum hypothesis”
(Pounds 2001; Pounds et al. 2006a) and most recently the “climate variability
hypothesis” (Rohr et al. 2008; Rohr and Raffel 2010). While it appears that the agent of
chytridiomycosis, Batrachochytrium dendrobatidis (Bd) is novel to Central America on
the basis of genetic evidence, the relative roles of other stressors in synergy with
chytridiomycosis remain highly controversial for amphibians in the region (Pounds and
Crump 1994; Pounds 2001; Lips et al. 2006, 2008; Pounds et al. 2006a; Daly et al.
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2007b; Whitfield et al. 2007, Rohr et al. 2008; Anchukatis and Evans 2010; Rohr and
Raffel 2010). At the same time as these enigmatic declines occurred – and indeed,
starting centuries before the first enigmatic declines were reported, conventional threats
to biodiversity such as habitat loss and degradation had begun to encroach on amphibian
populations in all areas of Central America; these threats continue to this day. Future
threats which have not yet been reported in Central America, or perhaps throughout the
world, may yet threaten amphibian populations in the mid-term to long-term.
Herein, the current knowledge of amphibian declines and amphibian conservation
in Central America are assessed. The aim is to synthesize available knowledge and data,
set a benchmark for current understanding, and provide a springboard for future research.
Specifically, this chapter: (1) Describes the environment and amphibian fauna of Central
America, (2) uses data generated by the Global Amphibian Assessment (GAA) to
summarize the current status of conservation in Central American amphibians, 3) reviews
the empirical studies relevant to amphibian conservation in the region (4) identifies
current and future actions for conservation in the region, and (5) prioritizes topics for
research into the conservation of Central American amphibians.

THE CENTRAL AMERICAN ENVIRONMENT
Central America as a geographic province covers about 51 million hectares and
reaches 1,500 km across seven political entities (Guatemala, Belize, El Salvador,
Honduras, Nicaragua, Costa Rica, and Panama) (Figure 1.1). Central America is
bounded to the west by the Pacific Ocean, to the east by the Caribbean Sea, to the north
by Chiapas and Yucatan of Mexico and to the south by the northwestern limit of South
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America. At its widest, Central America extends over 400 km in northern Nicaragua and
Honduras, and at its narrowest constricts to <65 km near the Panama Canal. In general,
Central America is comprised of a lowland area along each coast separated by one or
more upland mountain ranges. The region’s diverse physiography creates a highly
diverse range of ecosystems, from the xeric thorn scrub in the rainshadows of the upper
Rio Motagua Valley to lush cloud forests shrouded in epiphytes and perpetual mist on the
slopes of the Talamancas, and from lowland rainforests on the Caribbean slopes to firdominated forests in the highlands of Guatemala. This diverse group of ecosystems
offers a wide range of habitats for amphibians in the region.
The considerable climatic variation is produced by two primary factors. First,
because the region lies entirely within the tropics and seasonal variation in temperature is
therefore minimal, temperature is predominantly driven by elevational variation (from
sea level on either coast to over 4,000 m in southern Guatemala). Second, variation in
precipitation is produced largely from trade winds blowing off the Caribbean towards the
west. These winds bring moisture-laden air onto the moist to wet forests on the eastern
versant of Central America. As the air rises to surmount the mountains, it cools to
produce often dramatic orographic precipitation (>7,000 mm y-1) that fosters wet
montane forest and cloud forest. Drier forests that dominate the Pacific versants and
interior valleys are produced by rainshadows on the leeward slopes of the higher ranges.
Central America exhibits distinct upland and lowland amphibian faunas resulting
from differing environmental conditions and biogeographic associations. Upland faunas
show strong latitudinal gradients along a north-south axis with each montane province
containing a very high number of endemics. Lowland faunas do not show such strong
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latitudinal gradients in turnover but show significant differences between the Pacific and
the Caribbean slopes because of reduced interchange and climatic differences.

AMPHIBIAN DIVERSITY IN CENTRAL AMERICA
The amphibian fauna of Central America comprises 451 currently recognized
species, distributed unevenly amongst 17 families and 71 genera (Table 1.1). All three
extant orders of amphibians are present, with 123 species of salamanders (all
plethodontids), 16 species of caecilians (all caeciliids) and 312 species of anurans (split
among 15 families and 59 genera). The best-represented families of amphibians include
Plethodontidae, Hylidae, Craugastoridae, and Bufonidae (Table 1.1). New species of
frogs and salamanders continue to be described each year, and no country is likely to
have been exhaustively sampled taxonomically. That such a small region can host such
an enormous and varied amphibian fauna is the product of varied climate and topography,
a diverse range of amphibian life histories, and a unique historical biogeography.
Part of the reason that Central America is able to possess such high amphibian
species richness is that the variety of ecological forms (i.e., niches) of amphibians in the
Neotropics is much greater than in temperate areas. Species differ widely in their
utilization of habitats, with affinities ranging from dense forest to open ponds to highelevation paramó. In moist tropical forests – the most species-rich habitats –species may
variously inhabit forest strata close to the ground (some craugastorids, bufonids,
leptodactylids), or may lead primarily fossorial lives (microhylids, caecilians,
Rhinophrynus). Many species are primarily, or exclusively, arboreal (hylids,
centrolenids, some eleutherodactylids, some plethodontids), occupying and even breeding
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in canopy microhabitats such as bromeliads or mats of mosses. Reproductive modes
among the amphibians of Central America are especially diverse (Donnelly 1994). Pondbreeding species (many hylids, leptodactylids, microhylids, rhinophrynids) are diverse
and particularly common in lowland forests. Stream-breeding species (many hylids,
centrolenids, bufonids, and some dendrobatids) are more diverse in the upland forest
regions and exhibit some of the highest rates of endemism. Almost half of the
amphibians in Central America are terrestrially-breeding species with direct development
(craugastorids, eleutherodactylids, strobomantids, plethodontids, and caeciliids), and
these species often reach high population densities even far from sources of standing
water. The diverse ecological roles played by these amphibians affect the relative
strengths of various anthropogenic impacts.

Species Richness and Uniqueness
Regional species richness of amphibians varies strongly throughout Central
America, and is greatest in the mid-elevation forests of southern Central America (Figure
1.2). Extremes in richness range from only three species on the highest peaks of
Guatemala to over 72 species at El Cope, Panama (Crawford et al. 2010). Species
richness is highly correlated with mean annual precipitation, and peaks at intermediate
elevations. The wetter regions of eastern Central America, as well as the Golfo Dulcean
lowlands of southwestern Costa Rica, show the greatest species richness, with drier
regions such as the western lowlands and highest peaks of the Guatemalan Plateau and
the upper Rio Motagua valley containing considerably fewer species. Species richness
peaks in mid-elevation forests (Wiens et al. 2006; Smith et al. 2007) (Figure 1.3); many
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species also are found in the lowlands but very few species occur at the highest elevations
(>2,500 m asl).
The amphibians of Central America have high levels of endemism; two hundred
and seven of them (47% of the entire fauna) are endemic to the region, and almost all of
these are even more range-restricted within the area. Many of the endemic species are in
the following genera: Craugastor (47 endemic species), Bolitoglossa (38), Isthmohyla
(14), Oedipina (13), and Nototriton (13). Because of low tropical intra-annual variability
in temperature, many tropical endemics are physiologically restricted to narrow
elevational bands (Wake and Lynch 1976; Feder 1982; Wake 1987). Species endemism
is correlated with elevation, and virtually all the endemics in Central America are located
in upland regions where many of them evolved in situ (Savage 1982). Lowland regions
harbour relatively few endemics. Not surprisingly, a large number of range-restricted
species occur entirely within a single country. Costa Rica has 47 single-country
endemics, Honduras 42, Guatemala 40, and Panama 34. Nicaragua has only three
endemic species, Belize has a single one, and El Salvador has none at all.

Biogeography and Modern Ecological Associations
Patterns of species richness, uniqueness, and endemism are heavily influenced by
biogeographic processes on evolutionary and geological timescales. The amphibian
fauna of Central America is composed primarily of three distinct historical units: North
American and South American species groups, which largely evolved outside the region
and later invaded, and a large group of distinctive Middle American clades that evolved
in situ (Duellman 1966, 1988; Savage 1966, 1982; Campbell 1999). Previous treatments
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of the Central American amphibian fauna have differed in their delimitation of biotic
provinces (Duellman 1966, 1988; Savage 1966, 1982; Campbell 1999) but in the present
chapter a composite of these classifications are used to describe the environment and the
amphibian fauna of the region (Figure 1.1, Table 1.2).

Yucatán Lowlands: This flat, lowland region of Cretaceous-Paleogene limestone deposits
extends from northern Guatemala and eastern Belize northward through the Yucatan
Peninsula. The region exhibits a strong southward increase in precipitation from <1,500
mm to about 3,000 mm y-1. Within Guatemala and Belize, the vegetation is dominated
by deciduous lowland forest in the north, and moist evergreen lowland forests in the
south. This region contains approximately 40 species of amphibians, mostly with
affinities to extralimital northern groups. The single endemic to this region, Bolitoglossa
yucatana, is widely distributed throughout the Yucatan Peninsula.

Maya Mountains: This small isolated formation of relatively low mountains (mostly
<1,000 m) is located almost exclusively within southern Belize. Annual precipitation
ranges up to about 2,500 mm y-1, and vegetation includes premontane forests with
tropical broadleaf vegetation, pine forests and oak forests. This region hosts 34 species
and a single endemic (Lithobates juliani). Most of the amphibians here also occur in the
Yucatan Lowlands but several of the species from mid-elevation are shared with the
Northern Nuclear highlands.
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Northern Nuclear Highlands: This broad upland region in southern Guatemala and
extreme western Honduras includes the highest peaks in Central America (Volcán
Tajumulco at 4,220 m and Volcán Tacaná at 4,020 m) and is contiguous with the Chiapan
highlands of Mexico. The region includes a number of ranges: the Sierra de las Minas,
Sierra de los Cuchumatanes, Sierra de Santa Cruz, Sierra de Cuacús, and the extensive
Guatemalan Plateau to the south and west. The Caribbean and upper Pacific slopes of
these highlands can be quite moist, (with over 4,000 mm y-1), but the Guatemalan plateau
and upper Rio Motagua valley are considerably drier (to < 1,000 mm y-1). The slopes are
dominated by broadleaf evergreen vegetation at lower elevations, with communities of
oak-pine at higher elevations and fir forests on the peaks. One of the most diverse and
unique regions in Central America, these highlands host 121 species, including 34 species
restricted to the region. The region shares many species with the extralimital Chiapan
highlands. The diversity in this region is highest on the eastern slopes and in the Sierra
de las Minas. The region has high diversity of Bolitoglossa (20 species, 5 endemic),
Craugastor (22 species, 8 endemic), Plectrohyla (11 species, 4 endemic), and Ptychohyla
(6 species, 4 endemic). The region hosts an especially diverse salamander fauna
experiencing high rates of decline (Rovito et al. 2009), with members of Bradytriton,
Nyctanolis, and Pseudoeurycea reaching the southern end of their ranges there.

Pacific Lowlands: This narrow band of lowland forest extends from southwestern
Guatemala along the Pacific Coast to southwestern Costa Rica, with the most expansive
contiguous area in northwestern Nicaragua. The vast majority of this area receives a
precipitation of <2,000 mm y-1 and is dominated by deciduous broadleaf vegetation and
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scrub forests. Two small isolated patches of evergreen broadleaf forests (with up to
6,000 mm precipitation) are present in southwestern Guatemala and the Golfo Dulce
region of Costa Rica and adjacent Panama; these areas are characterized by high
endemism. The Pacific lowlands share greatest similarity with adjacent montane regions.

Southern Nuclear Highlands: This unit comprises numerous contiguous ranges in the
uplands of Honduras, northern El Salvador, and northern Nicaragua (Sierra de Nombre de
Dios, Sierra de La Esperanza, and Sierra de Comayagua in Honduras; Sierra de Patuca
and Sierra de Isabela in Nicaragua). These ranges are generally lower than the northern
nuclear highlands (mostly <2,000 m). The area generally receives 1,000-2,000 mm
annual precipitation and vegetation is predominantly pine-oak forests, with higher and
moister peaks having montane broadleaf cloud forests. The fauna is diverse and unique
with 137 species, including 53 endemics (including, among others, 11 Bolitoglossa, 16
Craugastor, 4 Nototriton, and 4 Plectrohyla). Many species groups evolved in situ, and
the region has many groups at the northernmost (Isthmohyla) or southernmost
(Dendrotriton, Cryptotriton) limit of their distributions.

Caribbean Lowlands: The is the largest continuous expanse of lowland forests in Central
America, occupying the alluvial slopes of eastern Honduras, Nicaragua, and Costa Rica,
and into the Bocas del Toro region of extreme western Panama. This area receives
extreme levels of precipitation (2,000-6,000 mm y-1) and vegetation is dominated by
moist, evergreen, broadleaf vegetation, with isolated patches of Misquito pine savanna in
southeastern Honduras and northeastern Nicaragua. This diverse lowland region holds
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112 species, with three endemics (Ranitomeya claudiae, Oedipina martima, Lithobates
miadis) occurring on small coastal islands. The Caribbean lowlands are strongly
influenced by species derived from South America that likely diversified in situ
(Dendropsophus, Hypsiboas, Scinax, Agalychnis, dendrobatoids, centrolenids) (Savage
1982).

Isthmian Highlands – These highlands are comprised of several cordilleras – the
relatively low Cordillera de Tilarán and Cordillera de Guanacaste, and the higher
Cordillera Central of Costa Rica, Cordillera de la Talamanca (which includes Cerro
Chirripó, at 3,850 m the highest point in lower Central America) and the Cordillera
Central of western Panama. These evergreen broadleaf forests are very wet (up to 7,000
mm rainfall y-1), producing cloud forests above about 1,000 m and paramó at the highest
elevations. This region supports 203 species, including 55 endemics. Particularly
diverse genera include Bolitoglossa (23 species, 16 endemic), Craugastor (35 species, 8
endemic), Isthmohyla (13 species, 10 endemic), and Nototriton (7 species, all endemic).
Richness and endemism are largely from an influx of taxa from the northern highlands
(Plectrohyla, Ptychohyla, Oedipina, Bolitoglossa) or the South American highlands
(some bufonids and hemiphractids). Many of the South American affiliated speciesgroups reach their northern limit in this region, including Atelopus, many centrolenids,
and the hemiphractids.

Panamanian Lowlands – These are moist (< 4,000 mm precipitation), lowland coastal
forests on either slope of the Cordillera Central de Panama, and between the Darien
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highlands in eastern Panama, with drier regions east of the Panama Canal and on the
eastern Azuero Peninsula (precipitation <1,500 mm y-1). Vegetation ranges from
evergreen moist forests to deciduous dry forests according to precipitation regimes. The
Panamanian lowlands hold 121 species in total, but only a single endemic (Oscaecilia
elongata). This region shares great similarity with the Panamanian highlands and is
heavily influenced by South American species-groups that have invaded since the uplift
of the isthmus (Savage 1966, 1982).

Panamanian Highlands – This area includes a number of low-lying ranges in eastern
Panama: Serranía de San Blas (<1,000 m) and the Serranía de Darién (up to 1,600 m) on
the Caribbean, and the Serranía del Sapo (<1,000 m), Serranía del Majé (up to 1,200 m)
on the Pacific. The western Serranía de San Blas and the Serranía del Sapo receive up to
3,000 mm precipitation, while the remainder of this region receives between 1,500 and
2,500 mm. Major forest types include broadleaf premontane forests with cloud forests at
the highest elevations of the western Serranía de San Blas and Serranía del Sapo. This
region hosts 108 species, of which only three are endemics, and the region holds far
fewer recognized species than do other highland regions because of its relatively small
geographic extent and the limited effort relegated to surveys. The highlands of eastern
Panama are much more heavily influenced by South American species-groups
(dendrobatids, centrolenids, Atelopus) and contain fewer Middle American species
(plethodontids) and none of the core Middle-American hylids.
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CONSERVATION STATUS OF CENTRAL AMERICAN AMPHIBIANS
The Global Amphibian Assessment (GAA) has assigned IUCN red-list criteria to
virtually all of Central American amphibians, and these uniform criteria for assessment of
conservation are highly valuable for planning and synthetic analyses (Stuart et al. 2004;
Hero et al. 2005; Rodrigues et al. 2006). As of 2010, the GAA listed 88 Central
American amphibian species as critically endangered (19% of fauna), 75 (16%) as
endangered, 39 (8%) as vulnerable – together these three listings represent those species
that are threatened with extinction (Table 1.3). Twenty-six species (5%) are listed near
threatened and 150 (33%) as least concern. Fifty-two (11%) species are listed as data
deficient, indicating that insufficient knowledge of the species exists to make a robust
assessment (Table 1.3). Four species (1%) of Central American amphibians are listed as
globally extinct (Incilius periglenes, Incilius holdridgei, Craugastor chrysozetetes, and
Craugastor milesi) and 31 additional species, officially listed as critically endangered or
data deficient, are possibly extinct. Seventeen species have not been assessed because
they were formally described after the most recent assessment had been conducted.
The status of threat is divided unevenly among taxonomic groups – over half of
the species of plethodontids, brachycephalids, bufonids and hylids are threatened, while
smaller proportions of ranids, dendrobatids, and centrolenids are threatened (Table 1.4).
There are several genera in which all constituent Central American species are listed as
threatened (Duellmanohyla, Ecomiohyla, Exerodonta, Hyla, Hylomantis, Plectrohyla,
Atelopus, Pipa, Bradytriton, Cryptotriton, Dendrotriton, and Nyctanolis).
When compared to global trends for all amphibians, Central America contains a
higher proportion of species listed as critically endangered and endangered, but fewer
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species listed as vulnerable, near threatened, and least concern (Table 1.2). While a high
proportion of Central American species are listed as data deficient (11%), this proportion
is far lower than for the entire world (25%), underscoring a greater-than-average
knowledge of the status of Central American amphibians, particularly in comparison to
most tropical regions where amphibians are diverse, yet often poorly known.
Status of threat is also divided unevenly among countries and physiographic
provinces (Tables 1.2, 1.3; Figure 1.4). Seventy-eight species in Guatemala are listed as
threatened, 60 in Costa Rica, 54 in Honduras, and 50 in Panama. Far fewer species are
threatened in Belize (7), El Salvador (10), or Nicaragua (10). Much of this variation has
to do with the size of the country, ecological diversity of the area, and the extent of
upland habitat in each nation. Far more threatened species occur in upland physiographic
provinces than in lowland ones (Figs. 3, 4).
Small size of geographic range is a major correlate of proneness to extinction in
Central American amphibians (Lips et al. 2003b; Smith et al. 2009). While the high
proportion of endemic amphibians in Central America contributes to the high species
richness and distinctiveness of the fauna, it also contributes to the severe conservation
status of amphibians in the region (Donnelly and Crump 1998). Very high proportions of
all the range-restricted species are listed as threatened (Figure 1.5). Three major factors
contribute to the grave conservation status of these endemics. First, an inherent
susceptibility of range-restricted species to environmental perturbations makes them
vulnerable to any disturbance. Second, the majority of range-restricted species occur at
mid-elevations to high-elevations, the very regions that have been most adversely
affected by chytridiomycosis. Finally, mountaintop endemics are particularly susceptible
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to effects of shifting climate (Donnelly and Crump 1998; Pounds et al. 1999; Pounds
2001; Parmesan 2006).
Previous studies have compared ecological characteristics of declining and
persisting species from a collection of well-documented sites of declines (Lips et al.
2003b). The present authors conducted a region-wide analysis of ecology on the
probability of decline in which they compiled life-history characteristics for all Central
American species from a variety of sources (Campbell 1998; Lee 2000; McCranie and
Wilson 2002; Savage 2002; IUCN et al. 2006; Kohler et al. 2006). It was possible to
compile data both on larval and adult affinities for habitat for over 95% of all taxa,
indicating a reasonably comprehensive dataset for these simple analyses. The diverse
life-history characteristics – both for larval and adult habitats –strongly influence whether
species are threatened (Figure 1.6). Species that breed in streams or rivers or
phytotelmata, or species that have direct development, are far more likely to be
threatened than are species that breed in ponds. Species whose adults are found near
streams are far more likely to be threatened than are those from any other habitat. It was
not possible to compile data for Central American taxa that have proved significant in
other studies (e.g., ovarian clutch size, body mass) (Hero et al. 2005, Sodhi et al. 2008),
and poor understanding of systematic relationships among species at the present time
prevents formal analyses that account for evolutionary history (Corey and Waite 2008).
However, there are clearly phylogenetic and biogeographic signatures to species-specific
patterns in declines: all Atelopus are threatened, as are virtually all of the large and
diverse clades of stream-dwelling Middle American hylids (Isthmohyla, Plectrohyla,
Ptychohyla) but very few of the predominantly pond-breeding species are threatened.
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Future analyses that control for phylogeny, biogeography, and more detailed life-history
parameters will likely elucidate further trends.

CONSERVATION THREATS
Trends in Research on Conservation
The present section summarizes general knowledge of known threats to
amphibian biodiversity as well as the research on each topic that has been conducted
within Central America. A systematic review was conducted to quantitatively evaluate
trends in research activity that addressed amphibian conservation in Central America. A
search was made of ISI Web of Knowledge (1977-2007) and BIOSIS (1967-2007) with
one taxonomic keyword (“amphibian,” “frog,” “salamander,” or “caecilian”) and one
geographic keyword (“Central America,” “Guatemala,” “Belize,” “Honduras,” “El
Salvador,” “Nicaragua,” “Costa Rica,” or “Panama”). References and abstracts were
exported to an external database. Duplicate records, records that did not address
amphibian biology, and distributional notes were discarded. Systematic or phylogenetic
studies were generally included if they were conducted at the specific or generic level
(e.g. Crawford 2003) but not if they were conducted at the familial or ordinal level (e.g.,
Frost et al. 2006). Global review papers that included Central America among other
geographic regions (i.e., Alford and Richards 1999) were also excluded but reviews that
focused primarily on Central America, Mesoamerica, or the entire Neotropics (i.e.,
Young et al. 2001) were included. Reviews that encompassed all taxa in Central
America but did not give special attention to amphibians (e.g., Ellison 2004) were
excluded, but reviews that focused substantially on amphibians were included. A large
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number of articles were excluded if they dealt primarily with systematics of parasites of
amphibians because amphibian biology was peripheral to these studies. While many
studies have been conducted since 2007, publication trends since 2007 reflect those from
earlier years.
The studies were sorted by country of origin. Those that were primarily focused
on conservation or decline were divided by the process of interest (i.e., habitat
modification, chytridiomycosis, climatic change). Because of the uncertain processes
involved in enigmatic amphibian declines, a large number of conservation studies
focused specifically on describing declines did not perform tests of the hypotheses about
factors driving population declines, and these studies were listed as general descriptive
“reports” (e.g., Lips 1998, 1999; Whitfield et al. 2007). A large number of studies
reviewed conservation status over a broad area (a national park, biogeographic region, or
country) and these were categorized as “assessments” (e.g., Wilson and McCranie 2004a;
Greenbaum and Komar 2005). Generally, reports and assessments speculated as to
causes, often in detail, but did not seek to test formally whether a specific process was
involved.
The resulting database contained 401 valid studies of amphibians in Central
America from 1967 to 2007. Of these, 43 studies were determined to be primarily related
to conservation. This empirical review certainly did not yield every study conducted on
amphibians in Central America, but such an extensive analysis does provide a
quantitative and effective procedure to detect broad trends in amphibian research in
Central America (Figures 1.7, 1.8). Significant gaps exist in the spatial coverage (Figure
1.7) and processes of interest (Figure 1.8) in Central American amphibian research. The
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majority of studies in Central America have been conducted in Costa Rica and Panama,
with very few in El Salvador or Nicaragua. Few studies have been conducted on the
impacts of pesticides or UV-B radiation, and few on modification and fragmentation of
habitats. Much recent attention has been devoted to understanding the role of
chytridiomycosis in amphibian declines (Figure 1.8). Because of lack of understanding
of certain processes in Central America (e.g., pesticides, UV-B), it remains difficult to
rule out their importance in Central America. Nonetheless, this chapter covers the
empirical literature on specific threats to amphibians within Central America. When data
from the region are not available, data generated elsewhere were used to generate
expectations of how specific threats may apply in the region.

Modification of Habitats
Anthropogenic modification of habitats affects 75.2% of amphibians in Central
America, a greater proportion of species than are affected by any other threat (Figure
1.9). Habitat loss is believed responsible for the presumed extinction of two Central
American salamanders, Bolitoglossa jacksoni from Sierra de los Cuchumatanes of
Guatemala and Oedipina paucidentata from the Cordillera de Talamanca of Costa Rica.
It is probable that the proportion of amphibians affected by habitat modification will
increase as economic development exerts increased pressure on remaining habitats. The
proportion of remaining habitat and the rate of deforestation vary greatly among countries
(FAO 2006) (Figure 1.10) and by ecological zone. El Salvador has the lowest remaining
forest cover, and remnant old-growth forest is negligible, while Panama retains a high
proportion of forest cover and intact primary forest. Honduras shows the most rapid
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recent loss in forest cover (Wilson and McCranie 2004a, b). A very small proportion of
intact dry forest remains in Central America, while forests at higher elevations on steep
elevational gradients have been less influenced by habitat modification (SanchezAzofeifa et al. 2001). The amount of area covered by secondary and other disturbed
forests (~13.3 million ha) in Central America now far exceeds the area of remaining
primary forest (~9.1 million ha) (FAO 2006).
Despite considerable past and expected future losses of habitat, very few studies
have documented how amphibian populations or communities are affected by habitat
modification in Central America. Three studies examined forest floor amphibians in very
small patches of cacao plantations (Theobroma cacao) at La Selva Biological Station in
Costa Rica (Lieberman 1986; Heinen 1992; Whitfield et al. 2007). These studies
indicated that plantations showed lower amphibian diversity and higher amphibian
abundance than did adjacent primary forests. Whitfield et al. (2007) compiled data from
these cacao plantations over three decades and found decreasing population density of all
species of amphibians except for Oophaga pumilio, which increased in population
density despite declines in adjacent primary forest. Van Wijngaarden and van den Brink
(2000) compared the density of Oophaga pumilio in various regimes of habitat
disturbance in Panama and found that this species is often more abundant in disturbed
habitats than in primary forests, a result concordant with studies at La Selva. A
comparative study of vertebrate diversity in forests, pasture, and plantations in Nicaragua
found that pasture harbours greatly reduced density of amphibians, but was too limited in
sample size for inferences to be made about patterns of amphibian diversity in primary
and secondary forests or in allspice (Pimienta dioca) plantations (King et al. 2007). Most
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recently, Furlani et al. (2010) compared diversity of anurans in primary forests,
secondary forests, and pastures in southwestern Costa Rica and found clear subsets of
species associated with pastures hosting livestock, and other species with clear
preferences for primary forests.
In general, few of these studies have examined dominant categories of land-use in
Central America (pasture, active plantations, disturbed or regenerating secondary forests).
The single study that examined the effects of secondary regeneration on amphibians was
limited by lack of spatial replication and temporal scale (Whitfield et al. 2007). The lack
of studies on secondary forest is of particular concern considering the large proportion of
secondary forests in Central America, and this will continue to increase. None of the
studies of amphibians’ responses to changes in use of the land has examined effects of
land-use on range-restricted species that are inherently vulnerable to changes in habitat
because of small ranges. Amphibians may be generally more susceptible to
consequences of change in land-use than are other vertebrate groups (Barlow et al. 2007),
in part because of their dependence on both terrestrial and aquatic habitats, changes to
either of which could adversely affect populations (Becker et al. 2007).
Although few studies have been conducted within Central America on the impacts
of change in land use on amphibians, it is possible to infer broad trends from studies
conducted elsewhere on the effects of habitat modification (Lemckert et al. 2011). The
response of amphibian species to loss of forest is generally individualistic, and difficult to
predict for individual species (Tocher et al. 2001; Gardner et al. 2007b). It is probable
that a deterministic subset of species dependent on old-growth forest will be most
severely affected by changes in land-use (Pineda et al. 2005; Gardner et al. 2007b) but
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identification of these species is not currently possible. Some studies in South America
have shown that direct-developing frogs are particularly susceptible to loss of forest
cover (Pearman 1997; Barlow et al. 2007; Gardner et al. 2007b) but these trends have not
been demonstrated for direct-developing frogs in Central America.

Habitat Fragmentation
Even when habitats remain protected in national reserves or in private holdings,
remnants may exist in small fragments that may be of insufficient size to harbour intact
amphibian faunas. Fundamentally, because of the different processes and spatial scales
involved in modification and fragmentation of habitat, the response of amphibians to
these two types of habitat disturbance may be quite different. Only two studies have
examined fragmentation of forests in Central America. Schlaepfer and Gavin (2001)
investigated how forest-pasture edges affected densities of amphibians in southwestern
Costa Rica and found that species' responses were individualistic and varied among
seasons (Schlaepfer and Gavin 2001). A study of impacts of forest fragmentation
surrounding La Selva Biological Station in Costa Rica found that even very small
fragments (1-7 ha) may harbour a high proportion of species even after two decades of
isolation, but that overall density of amphibians is reduced in fragments relative to
continuous forest (Bell and Donnelly 2006). Bell and Donnelly (2006) found evidence
for a deterministic subset of species which are particularly vulnerable to loss in small
fragments, and that this subset represents all major families and reproductive modes.
Because it is often unclear exactly how amphibian populations are affected by the
changes in ecological processes following fragmentation, some expectations are offered
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here. Within a single fragment, populations at high densities should be resistant to local
extinctions, but species that exist at low densities, or are adversely affected by edges,
should be particularly susceptible to inbreeding, demographic stochasticity, or genetic
drift, resulting in gradual local extirpations. Understanding persistence of amphibian
populations in a fragmented landscape requires a detailed understanding of
metapopulation processes such as dispersal potential and matrix-effects, but these factors
remain largely overlooked for tropical amphibians (Smith and Green 2005; Watling and
Donnelly 2006; Gardner et al. 2007a; Robertson et al. 2008). The roles of edge effects,
corridors that link fragments, and spatial arrangement of fragments remain entirely
unexplored in Central America and most of the Neotropics. As for habitat modification,
because amphibians often require both aquatic and terrestrial habitats, aquatically
breeding species in “dry fragments” lacking suitable aquatic resources should be
particularly susceptible to extirpation (Becker et al. 2007). Despite these gaps in
knowledge, it is clear that some species will be unable to survive in individual fragments,
and others will be unable to persist in a fragmented landscape. Identification of these
fragmentation-sensitive species will be critical for preserving entire amphibian faunas,
but is currently impossible without species-specific or clade-specific data from Central
American amphibians, or trends in consensus from studies elsewhere in the Neotropics.

Overharvesting
In some parts of the world there are significant harvests of amphibians for food,
pets, and use in research and teaching, either locally or for export (Das 2011; Kusrini
2011; Kusrini et al. 2011).

However, there appear to be no studies on the impacts of
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overharvesting of amphibians in Central America. Human consumption of amphibians in
Central America is negligible, and is unlikely to have significant impacts on many
populations. Greater impacts of overharvesting are likely to result from trade in captive
amphibians, particularly colourful dendrobatid frogs (Gorzula 1996). Regulated exports
appear to be minimal, and while it is impossible to estimate the volume of illegal,
unpermitted trade, or collections of wild amphibians that are not exported, the impacts of
trade on populations or species is likely to be minimal. Brightly-coloured species such as
Atelopus or dendrobatids may be particularly targeted for collection (La Marca et al.
2005). Still, the greatest risk of collections for trade is to small populations, rangerestricted species, or species whose populations have been severely affected by other
factors.

Invasive Species
Although non-native species have had a significant impact on local populations of
amphibians in various parts of the world (Piliod et al. 2011), tropical mainland
ecosystems are generally thought to be largely resistant to invasions of species because of
pre-existing high species richness and being nearly saturated with species (Stachowicz et
al. 1999; Fine 2002). Accordingly, few invasive predators or competitors have been
reported for Central America and only 1.6% of Central American amphibians are
threatened by invasive predators or competitors (Figure 1.9). However, one potential
invasive threat is the anthropogenic introduction of exotic fishes (primarily rainbow trout,
Oncorhyncus mykiss) which was suggested as a plausible contributing factor to enigmatic
declines in Costa Rica (Lips 1998) before the discovery of chytridiomycosis. Trout have
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been introduced into streams in montane Central America where no native fishes occur
(Bussing 1998); introduced trout have been shown to negatively affect amphibian
populations in the western United States (Knapp and Matthews 2000; Vredenburg 2004;
Knapp et al. 2007). However, the first introductions of trout occurred long before the
first enigmatic declines were reported, and established populations of trout are not
widespread (Bussing 1998). The spatial and temporal patterns in the introduction and
establishment of trout are therefore not concordant with a significant role for introduced
fishes in montane declines elsewhere. Other fish, such as tilapia (Tilapia and
Oreochromis), have been introduced into lakes and streams in Central America – where
other native fish do occur - but no studies have examined the impacts of these introduced
predators on amphibian populations.
The globally widespread invasive competitor Lithobates catesbeianus has recently
been reported in Costa Rica (Savage and Bolanos 2009) but does not appear to be
widespread in Central America. The widespread tropical invasive Rhinella marinus is a
natural element of the Central American herpetofauna. A few other amphibians
introduced into Central America, Eleutherodactylus johnstonei, Eleutherodactylus
antillensis, Eleutherodactylus planirostris, and Osteopilus septentrionalis, generally
occur in highly disturbed sites such as urban areas and do not appear to have adverse
direct effects on populations of native amphibians (Kaiser 1997; Savage 2002), but may
serve as important vectors for long-distance transport of disease (Schloegel et al. 2009).
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Pollution
The presence of intensive agricultural activity in Central America (e.g., bananas,
sugarcane, cotton, coffee, pineapples) and heavy use of agrochemical pesticides by
plantations leads to a high potential for environmental impacts by pesticides (Castillo et
al. 1997). Numerous studies in Central America have demonstrated that pesticides
applied in agricultural areas enter aquatic systems (reviewed by Castillo et al. [1997]),
and at times may occur at concentrations that may prove lethal to amphibians. Recent
research has identified aerial transport of pesticides in Costa Rica from application sites
at low elevations to higher montane forests, where wet deposition stimulates
accumulation of the pesticide (Daly et al. 2007 a,b), a spatial pattern coincident with that
of declines in the region. Concentrations of agrochemicals in montane forests are likely
far below lethal levels for amphibians, but may be accumulated if they persist in the
environment or they may act as novel stressors contributing to weakened immune
response (Carey et al. 1999).
Only two studies have examined relationships between pesticides and amphibians
in Central America. In one study, breakdown products from long-lasting organochlorine
pesticides were found in Rhinella marinus, Lithobates forreri, and Rhinophrynus dorsalis
at the Guanacaste Conservation Area in the dry forests of western Costa Rica. However,
five other species of anurans (Smilisca baudinii, Scinax boulengeri, Phrynohyas
venulosa, Leptodactylus melanonotus, and Hypopachus variolosus) did not contain such
residues (Klemens et al. 2003) and none of these species have been noted to suffer
population declines. Tests of water quality, conducted in Sierra de las Minas, Guatemala,
at a site where enigmatic declines of a number of species had occurred (Mendelson et al.
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2004), demonstrated elevated levels of nitrogen associated with upstream cultivation of
ornamental plants, but no detectable pesticides or residues. The primary cause of
declines at this site appeared to have been Bd but the authors noted the presence of
tadpoles with white tips to the tail and disoriented swimming behaviours, symptoms not
generally associated with chytridiomycosis.
While studies on pesticides are limited within Central America, studies from
outside the region may help inform about potential impacts of pesticides within the
region (Boone et al. 2009). Pesticides, or their breakdown products, may cause direct
mortality (Relyea and Mills 2001; Relyea 2003; Sparling and Fellers 2007), may alter
physiological processes that can reduce population sizes (Hayes et al. 2002), may stress
amphibians so that they become vulnerable to other factors (Carey et al. 1999; Forson
and Storfer 2006), or may alter community dynamics causing a variety of individual and
population responses (Relyea and Diecks 2008). Correlative studies have linked
extirpations of amphibians with upwind use of pesticide in California (Lenoir et al. 1999;
Davidson et al. 2002; Davidson 2004) but the role of pesticides in amphibian declines at
sites far from those where agricultural pesticides are applied is less clear and highly
controversial. Research on the effects of pesticides on amphibians in Central America is
warranted because these factors are known to have an impact on amphibians in other
parts of their global range.

UV-B radiation
Biologically-damaging UV-B radiation (285-315 nm) has been increasing
globally in recent decades primarily because of depletion of stratospheric ozone by
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anthropogenic release of chlorofluorocarbons and other compounds (Kerr and McElroy
1993; Marco et al. 2009). Montane areas of Central America have among the highest
baseline levels of UV-B radiation anywhere on earth (Middleton et al. 2001) and these
are increasing, a broad-scale pattern consistent with declines (Blaustein et al. 2003).
Middleton et al. (2001) examined patterns in UV-B radiation at nine sites in Costa Rica,
Panama, and Honduras where amphibian declines have occurred. Using satellite data,
they indicated significant increases in UV-B exposure for all nine sites over the period
from 1979 to 1998 and they show that the number of days with the greatest UV-B
exposure (≥6.75kJ/m2) had increased. Increases in UV-B have been linked with
reduction in cloud cover associated with changing climate, and to global losses in ozone.
Only one study has examined the relationships between UV-B and amphibians in
Central America (Han et al. 2007). These authors experimentally demonstrated
behavioural avoidance by two species of dendrobatid frogs (Oophaga pumilio and
Dendrobates auratus) to elevated levels of UV-B radiation, and also demonstrated that
male O. pumilio select calling microsites in the understory that receive lower than
average levels of UV-B radiation. While this study suggests that some species may be
able to detect and respond to UV-B radiation, it does not make an explicit link to
conservation or declines, and was conducted in a lowland site where ambient baseline
levels of UV-B are much lower than at montane sites where declines generally occur.
The impacts of biologically-damaging UV-B radiation may be broadly inferred
from studies conducted outside of Central America, primarily in the western United
States. Increased levels of exposure of amphibian eggs to UV-B radiation may decrease
hatching success (Blaustein et al. 1994, 1998) or increase frequency of deformities
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(Blaustein et al. 1997). Exposure of post-metamorphic anurans to UV-B decreased
survival in some species (Blaustein et al. 2005). Ultraviolet-B has never been associated
with mass mortality events such as those that have been documented in Central America
(Lips 1999; Lips et al. 2006) and no deformed amphibians have been documented in
Central American countries, but UV-B may serve as an important stressor when acting
synergistically with other factors (Kiesecker et al. 2001). Still, many amphibians exhibit
behavioural mechanisms that allow them to avoid UV-B exposure (Han et al. 2007) and
possess physiological repair mechanisms that reduce damage to affected tissues
(Blaustein et al. 1999).

Pathogens
Chytridiomycosis is a skin disease caused by the chytrid fungus,
Batrachochytrium dendrobatidis (Bd). This disease has been implicated in mass
mortality of amphibians at sites worldwide (Berger et al. 2009). Research in Central
America has greatly contributed to an understanding of the role that disease plays in
amphibian population declines, especially Bd (Lips et al. 2003a, 2006, 2008). Bd is
increasingly recognized as an invasive species because no studies detected it at Central
American sites until just before the onset of declines, and molecular evidence
(Morehouse et al. 2003; Morgan et al. 2007) indicates that it is globally distributed and
has been introduced into the Neotropics multiple times over the past 30 years. Bd has
been reported in Guatemala, Honduras, El Salvador, Costa Rica, and Panama, but
sampling has not been conducted in Belize or Nicaragua (Table 1.5). Lips et al. (2004,
2006, 2008) hypothesized that Bd was introduced into Mexico from the north and had
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caused declines in upland amphibians there by the late 1970s (Figure 1.4, Table 1.5).
From Mexico, they hypothesized it spread into Guatemala (Mendelson et al. 2004) and
into Honduras in the 1980s (McCranie and Wilson 2002; Wilson and McCranie 2004a)
(Table 1.5). Bd was first reported in northern Costa Rica in 1986 (Puschendorf et al.
2006a). The spread of Bd southeastward through multiple upland sites in Costa Rica and
Panama has been well-documented (Lips et al. 2008). Bd has been detected at almost all
sites where searches have been conducted, except for a few sites in Panama east of the
Panama Canal (Lips, personal observations). As of 2010, far eastern Panama is believed
to be the only Bd-free zone in all of Central America, but Bd is expected to make its way
through the remaining upland regions of eastern Panama within the next 1-3 years if it
continues to spread from the west at its current rate of movement of 22 km y-1 (Lips et al.
2008). Bd might also enter eastern Panama from Colombia, where it has been reported
from multiple sites and is traveling at a comparable 25 km y-1 (Lips et al. 2008).
Bd has had a significant impact on upland amphibian populations throughout the
Neotropics (Stuart et al. 2004; Lips et al. 2008) because the environmental conditions
that contribute to the abundance and diversity of amphibians also contribute to the growth
and survival of Bd. In particular, the cool moist environment present year-round at many
upland (>500 m elevation) tropical areas offer an ideal incubator for Bd, which requires
moisture to survive and to spread, and which thrives at temperatures between 17-24˚C.
Species that inhabit niches that fit this profile best (e.g., cloud forests, upland streams)
tend to show the greatest and most noticeable losses, while terrestrial species (Lips et al.
2006) and those at lowland sites, and even some pond species from mid-elevation, show
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lower prevalence of infection and consequently if they do decline, they do so at a slower
rate (Brem and Lips 2008).
Species vary in their response to exposure to Bd (Rowley and Alford 2009;
Crawford et al. 2010), with some species disappearing completely and instantly (e.g.,
Craugastor punctariolus) (Ryan et al. 2008), others declining more slowly to extirpation
(e.g., Hyloscirtus colymba), others declining but persisting at reduced abundance (e.g.,
Espadarana prosoblepon) (Robertson et al. 2008), and some not seeming to decline at all
(e.g., Smilisca phaeota, Agalychnis callidryas). Variation in susceptibility may also
result from population and individual factors, including secretion of cutaneous
antimicrobial peptides (e.g., Woodhams et al. 2006), commensal bacterial species (Harris
et al. 2006), and many aspects of amphibian ecology and behaviour (Lips et al. 2003b;
Brem and Lips 2008).
Bd may persist in the environment for several days independent of the host (Lips
et al. 2006), allowing transmission from the environment as well as from other frogs, a
characteristic of diseases that is known to increase the risk of extinction of the host (de
Castro and Bolker 2005). Bd also occurs at low levels in many tadpoles and in adults of
some species of amphibians that decline very little (Brem and Lips 2008). These species
and stages are likely reservoirs for the disease and may contribute to extirpation of other
species at the site (Brem and Lips 2008). Adults of these species are also likely to
function as vectors and spread the disease to other sites because of dispersal across
metapopulations (Robertson et al. 2008).
Another emerging infectious disease, ranavirus is a widespread pathogen
predominantly infecting species from the temperate zone (Daszak et al. 2000; Green et
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al. 2002; Daszak et al. 2003; Jancovich et al. 2005; Storfer et al. 2007; Hemingway et al.
2009). While ranavirus can cause high mortality and has been implicated in some
population declines, it has not been attributed as the primary cause of any major
population declines or extinctions. Only Picco and Collins (2007) have systematically
searched for ranavirus in Central America, testing 84 individuals of 16 amphibian species
at two sites in Costa Rica; none were infected. Ranavirus was detected in two Lithobates
warszewitschii tadpoles collected during a die-off at Fortuna, Panama (Lips’ personal
observations). These tadpoles were swimming erratically and had open, bloody lesions
(D. E. Green, personal communication). Other evidence of ranavirus in Latin America
comes from dead Atelognathus patagonicus collected at Laguna Blanca, Argentina (Fox
et al. 2006), from non-native Lithobates catesbeianus in Uruguay and Brazil (Galli et al.
2006) and Rhinella marinus in Venezuela (Zupanovic et al. 1998) and possibly in Costa
Rica (Speare et al. 1991). In Argentina, ranavirus and Bd co-occur (Fox et al. 2006).
Trematodes (e.g., Ribeiroia sp.) may cause infections and deformities in
amphibians (Lannoo 2009; Rohr et al. 2009) but there do not appear to be any reports of
this from Central America.

Climate Change
Significant local and regional shifts in climate over recent decades have been
recorded within Central America, mirroring global changes attributed to anthropogenic
activities (IPCC 2007). Because of climatic variation across the region, the local or subregional effects of climate will differ strongly among localities according to their
elevation and current climatic regimes (Malhi and Wright 2004; Aguilar et al. 2005).
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Region-wide, there have been significant increases in daytime and night-time maximum
and minimum temperatures (Aguilar et al. 2005). There is no region-wide directional
trend in total annual precipitation (unlike the drying trends found in most other tropical
forest regions) (Malhi and Wright 2004) and on a local scale, both significant increases
and decreases in precipitation regimes have occurred. Still, there is a non-significant
regional trend for increased precipitation, and a significant region-wide trend for
increasing intensity of rain, with a greater proportion of yearly rainfall derived from
intense rainfall (Aguilar et al. 2005).
Few studies have examined the impacts of changing climate on amphibian
declines and extinctions in Central America, and fewer still have presented a mechanistic
basis for climate-induced declines. Before the recognition of chytridiomycosis as a major
factor in amphibian declines, Pounds and Crump (1994) related the extinctions of Incilius
periglenes and Atelopus varius in Monteverde, Costa Rica, to the unusually warm and
dry El Niño-Southern Oscillation event of 1987. In a later and more sophisticated
analysis, Pounds et al. (1999) suggested that regional warming has raised the elevation at
which orographic cloud formation occurs (the lifting cloud-base hypothesis), reducing the
frequency of mist in this cloud forest and increasing the number of days with zero
precipitation. These climatic changes at Monteverde are correlated with widespread
amphibian declines and extirpations, and changes in assemblages of lizards and birds as
well (Pounds et al. 1999). More recently, Anachatakis and Evans (2010) reconstructed a
climatic record based on isotopic signatures of samples from trees and provided
additional support for a strong ENSO event just preceding the decline of I. periglenes. On
a sub-regional scale, an analysis of climatic records in Costa Rica and Panama found that
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amphibian extinctions tended to occur after particularly dry years, although these dry
years were not exceptionally strong compared to historic trends in temperature
(Alexander and Eischeid 2001). In another study from the lowlands of Costa Rica,
Whitfield et al. (2007) correlated local, but taxonomically widespread, population
declines in terrestrial amphibians and lizards to warming and increased frequency of
precipitation. They hypothesized that increased temperature and moisture could affect the
dynamics of leaf litter by reducing the rate of litterfall, or by increasing the rate of
decomposition of litter, both of which are sensitive to climate. Because the terrestrial
amphibians and lizards they examined are highly sensitive to depth of standing litter,
reductions in the volume of standing litter could deplete necessary microhabitats
In the absence of sufficient regional information about the impacts of changing
climate on amphibians, other studies can be used to infer expected broad patterns for the
future. The greatest concern of changing climate would be a regional or widespread local
decrease in precipitation, to which amphibians are particularly sensitive. While drying
trends have been reported in Central America (Pounds et al. 1999; Aguilar et al. 2005;
Burrowes 2009), drying is not a predominant regional trend. Sufficient analyses are not
currently available to determine whether the lifting cloud-base seen at Monteverde is
representative of all Central American cloud forests. Significant future warming may
drive elevational or latitudinal migration and affect species' elevational distributions
(Parmesan 2006); these shifts may adversely affect amphibians particularly harshly
because of their poor ability to disperse (Marsh and Trenham 2001). Mountaintop
endemics are likely to suffer extinction because of the lack of cooler and wetter refuges
upslope. Tropical amphibians, which experience a much narrower range in yearly
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temperature variation than do temperate amphibians, may have more narrow thermal
envelopes than do amphibians in temperate regions (Janzen 1967, Feder 1982, Donnelly
and Crump 1998). Brattstrom (1968) examined this hypothesis and found in general,
thermal tolerances of tropical species were similar to closely related temperate species,
but also that species with narrow ranges do tend to have narrow thermal tolerance. A
wealth of studies from the temperate zone has demonstrated significant shifts in
phenology of breeding or metamorphosis with warming, but comparable long-term
datasets essential for detecting such changes do not appear to be available for the
Neotropics. Phenological shifts in the region should not be expected because of earlier
rainfall or earlier onset of spring, but increased temperature (and associated increases in
evaporation rates) could shorten hydroperiod in seasonal ponds or swamps, thereby
reducing the available time for development of larval amphibians (Donnelly and Crump
1998). While studies to date have yet to establish a firm direct link between amphibian
declines and climate, there is little doubt that future climatic shifts will produce dramatic
changes in amphibian biology in the region.

Synergistic Interactions
Synergistic interactions among stressors have been investigated widely outside of
Central America (Kiesecker et al. 2001; Forson and Storfer 2006) but few studies have
explored synergisms among factors in Central American declines (Pounds and
Puschendorf 2004; Pounds et al. 2006a, Rohr et al. 2008, Rohr and Raffel 2010). Pounds
and Puschendorf (2004) proposed the climate-linked epidemic hypothesis, that
emergence of Bd is ultimately triggered by changing climate. In support of this
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hypothesis, Pounds et al. (2006a) correlated extinctions of Atelopus throughout Central
and South America with exceptionally warm years. They used climatic data from
Monteverde, Costa Rica, to demonstrate higher night-time temperatures and lower
daytime temperatures, and suggested the “chytrid thermal optimum hypothesis” – that
changes in montane forests shift climate toward the ideal growing conditions for Bd. The
data of Pounds et al. (2006a) have been criticized (Skerratt et al. 2007; Lips et al. 2008,
Rohr et al. 2008), although the climate-linked epidemic hypothesis has also been invoked
to explain outbreaks in Spain (Bosch et al. 2007). Morphological asymmetry (shown to
be correlated with increased stress) in amphibian populations preceded Bd-induced
extinctions in Australia (Alford et al. 2007). Lips et al. (2008) conducted a more
sophisticated analysis of the data used by Pounds et al. (2006a) and concluded that there
was no evidence to support the climate-linked epidemic hypothesis. Rohr et al. (2008)
demonstrated that the data of Pounds et al. (2006a) were temporally confounded, and
concluded that correlations between mean climate and extinctions are specious. Rohr and
Raffel (2010) further analyzed data on Atelopus declines and found evidence that
Atelopus extinctions occur more frequently following ENSO events, and proposed the
“climate variability hypothesis:” that disease dynamics are at least in part determined by
variability in temperature. While evidence for the specific hypothesis of Pounds et al.
(2006a) are limited, there is no doubt that temperature and moisture affect not only
amphibian biology and behaviour, but also the growth, survival, and spread of Bd; or that
changes in temperature and moisture will influence amphibians not only directly, but will
also affect them indirectly through effects on Bd and other disease-causing agents.
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CONSERVATION ACTIONS
The Amphibian Conservation Action Plan (ACAP) recently outlined a set of
recommendations for a global, integrated amphibian conservation and management
strategy for the near future, and recognized that the challenges of such an undertaking
were unprecedented (Gascon et al. 2007). Central America’s role in the ACAP will be
particularly challenging because of high diversity, high levels of threat, and limited local
resources. Immediate conservation action is required to continue monitoring, conduct
further research on rapid enigmatic declines, conduct surveillance of disease, and to
establish captive assurance populations of critically threatened species. Longer-term
solutions will require innovative conservation strategies for abatement of threat from Bd
(such as design of effective vaccines, genetic engineering of the fungus, selection for
resistance among amphibian populations, or biological control using cutaneous bacteria
with anti-Bd properties), action against climatic change, maintenance of captive
assurance populations, and eventual reintroductions. Advancement on this agenda will
necessitate a profoundly enhanced in-country capacity to handle amphibian research,
conservation, and management.
Effective conservation of Central American amphibian diversity will not be
possible without first fully documenting species diversity in the region. This work will
require description of new taxa, completion of local and national inventories, and
updating distributional records for all species as knowledge increases. Amphibian
diversity in Central America is likely significantly underestimated. Globally, new
species of amphibians continue to be described at a rate greater than that for any other
group of vertebrates (Kohler et al. 2005). Even for countries that are relatively well-
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surveyed, such as Costa Rica, new forms continue to be described (Hanken et al. 2007).
Areas of Central America that have been largely unexplored (Nicaragua and eastern
Panama) are likely to hold many new species. Lags between discovery and recognition,
and limited taxonomic expertise (particularly for diverse and challenging lineages)
threaten to hamper efforts to fully document amphibian diversity in the region before
these species are lost. It is likely that amphibian diversity in Central America will be
permanently underestimated because of the high probability that many species in remote
and poorly-surveyed sites suffered extinction before comprehensive surveys were
initiated (Crawford et al. 2010). Furthermore, amphibian species richness may prove
much greater than currently recognized if genetic techniques reveal multiple cryptic
species within complexes currently recognized as a single taxon (Bickford et al. 2007;
Fouquet et al. 2007; Crawford et al. 2010). Indeed, genetic studies in Central America
have produced evidence for cryptic species-complexes that are overlooked by taxonomy
based on morphology alone (Crawford 2003; Crawford and Smith 2005; Grant et al.
2006; Richards and Knowles 2007), and further still, Crawford et al. (2010) used DNA
barcoding from El Cope, Panama, to identify 11 cryptic species, five of which were
extirpated upon arrival of Bd to the site. If genetic studies divide cryptic complexes into
separate species, the conservation status of the resulting species will likely be more
severe than currently recognized because of inherent risks associated with smaller size of
geographic ranges.
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Monitoring
Field monitoring programs are a key component of a conservation agenda to
prevent further losses, and to assess future changes to currently unanticipated threats
(Dodd et al. 2011). Several monitoring programs in Central America are currently
underway (Young et al. 2001) but increased spatial extent, taxonomic coverage, and
temporal resolution of monitoring efforts are essential for effective conservation. Longterm datasets have identified systematic declines that would not otherwise have been
expected (Whitfield et al. 2007) and the probability of detecting and identifying declines
increases with the duration of monitoring efforts. Distinguishing real declines from
background fluctuations in population size is often difficult from limited datasets, and
virtually no long-term datasets are available to assess background fluctuation in
population size for amphibians in Central America; such time-series may be impossible
to collect because no sites in Central America are now free from known amphibian
stressors (Table 1.5). Probabilities of detecting subtle changes (such as those expected
for climate) may be low, and changes in population density may be impossible to detect
without quantitative data, as opposed to presence-absence data (e.g., Lips and Donnelly
2005; Whitfield et al. 2007). Monitoring programs should incorporate extensive
metadata and detailed sampling protocols to ensure potential for long-term replication.
Clearly, realistic baselines for amphibian assemblages have been lost in much of Central
America because of Bd, but monitoring should not be restricted to those regions that have
not yet been affected by Bd. In regions where Bd has already produced widespread
declines and extinctions, monitoring will provide evidence of population dynamics postdecline (Robertson et al. 2008). Collection of voucher specimens from monitoring
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efforts will also be critical for assessing long-term change (for example, histological
examination of disease status or genetic composition pre-decline).
Surveillance of disease and monitoring programs are also desperately needed
throughout the region. Data can help track the spread of disease into naïve populations or
monitor temporal fluctuations in populations where Bd, or other diseases, are already
endemic. These data could identify potential vectors, reservoirs, and temporal changes in
incidence, and will greatly contribute to improved understanding of the dynamics of
transmission in wild populations that is necessary to design effective conservation
measures.

Network of Protected Areas
Protection of habitats is the most straightforward means of preventing loss of
biodiversity and is valuable not only to amphibians but also to other native organisms and
to ecosystem services (Hecnar and Lemckert 2011). Habitat protection can provide an
effective deterrent to habitat loss, deforestation, urban encroachment, and direct impacts
of the modification of habitats (Bruner et al. 2001; Sanchez-Azofeifa et al. 2003).
Central America contains an extensive network of national parks, biosphere reserves,
wildlife refuges, forest reserves and similar protected areas that encompass 411 reserves
covering over 92,000 km2 (17.7% of all land area in the region) (IUCN 2006) and the
number of protected areas has increased rapidly over the past three decades. However,
the number of reserves and amount of area protected varies by country and region.
Belize protects 36.7% of its area, and Guatemala 26.9%, while Honduras protects only
7.5%, and El Salvador only 0.5%. Only about 7% of the Pacific Lowlands is protected
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within reserves, about 8% of Southern Nuclear highlands, about 11% of Northern
Nuclear highlands, but about 50% of Yucatan Lowlands and about 75% of the Maya
Mountains are protected. Except for the diverse and relatively well-protected Isthmian
Highlands (about 30% protected), upland regions with high amphibian richness and
endemism are less well protected than are lowland regions with lower richness and
endemism.
Approximately 50 species of Central American amphibians have ranges that are
completely outside of protected areas. Virtually all of these are range-restricted
endemics, and the majority is found within the Northern and Southern Nuclear Highlands
– where coverage within protected areas is clearly insufficient. Smaller numbers of
species occur entirely outside of protected areas in the Isthmian Highlands, Panamanian
lowlands and Panamanian highlands. These trends are explained largely by the richness
and endemism of these regions, as well as by the insufficient spatial coverage of the
network of protected areas.
While establishment and recognition of protected areas by governmental agencies
is a requisite step, effective protection of habitat is dependent on active prevention of
encroachment by anthropogenic activities. For protected areas to serve as more than
“paper parks” recognized only by governmental agencies and not by local communities,
national environmental regulatory institutions must be strengthened and must provide
active protection from human impacts (Smith 2003; Nygren 2004). Additionally, even
small private reserves may have significant benefits for preservation of endemics with
narrow ranges if those small reserves provide protection for critical habitat (Laurance
2008)
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The requirements for protected areas for amphibians differ strongly from the
needs of other vertebrate groups, which are often given primacy in the establishment of
reserves (Caro et al. 2004). Instead of investing resources in large protected areas often
chosen for the protection of umbrella or flagship species, multiple small reserves
protecting non-overlapping distributions of range-restricted endemics would be optimal
for endemic amphibians in Central America.

Captive Assurance Populations
Protected areas alone will clearly be insufficient for safeguarding amphibian
diversity in Central America. A large number of declines and extinctions have occurred
in protected areas (Pounds and Crump 1994; Lips 1999; Mendelson et al. 2004; Lips et
al. 2006; Puschendorf et al. 2006a; Whitfield et al. 2007). Global threats such as
emerging infectious diseases and climatic change do not recognize sociopolitical
boundaries or limits of protected areas, and long-term solutions will require innovative
approaches to controlling the spread of diseases or allowing for adaptation and migration
of amphibians in response to climatic change. In the short-term, the only immediately
available means of preventing extinction may be establishment of captive-breeding
assurance populations –animals from wild populations brought to breeding facilities to
ensure that captive populations exist for eventual reintroduction and for use in necessary
research efforts (Mendelson et al. 2006; Griffiths and Kuzmin 2011). In-situ preservation
presents enormous challenges, because most species have never been kept in captivity
and there are no protocols. Methods of husbandry are being developed and refined in the
field as these activities continue. The breeding habitats and basic biology of these
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species remain largely unknown, presenting formidable challenges to husbandry of
animals in captivity. Captive assurance populations must be maintained indefinitely,
because the identification of, and solutions to, environmental problems may be decades
away, and even then habitats must be protected from future, unknown threats in order to
maintain environments suitable for reintroductions. For example, animals collected at
sites with Bd cannot be released until effective control of Bd is possible. There are 244
amphibian species in Central America listed as threatened or data deficient; establishment
and maintenance of captive assurance populations of as many of these as possible will
require an enormous investment in finances, human resources, and infrastructure.
A pilot program for the establishment of captive assurance populations was
recently attempted for the amphibian assemblage at El Valle, Panama (Gagliardo et al.
2008). Just before the onset of a Bd-associated decline, hundreds of individuals of 30
species were brought into captive assurance populations in a nearby facility that was
constructed de novo, as well as a second facility in the United States. The El Valle
program met significant short-term challenges in the location of space to house
collections and in providing food for captive animals. Longer-term challenges include
maintaining quarantine against Bd, assuring successful breeding, and maintaining genetic
diversity within captive populations. While several species in this pilot program have
been bred successfully in captivity since taken from the wild, other species have proved
difficult to maintain in captivity. Funding and local expertise in amphibian husbandry is
likely to prove limited if programs such as this become more widespread.
In Central America, establishment of captive assurance populations for the subset
of most sensitive species will be particularly difficult; most of the region has already
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suffered profound losses associated with chytridiomycosis. Many of the highly
threatened, endemic species occurring in Central America have already disappeared from
the major part of their ranges, and have possibly gone extinct, making the establishment
of captive populations impossible.

Remnant Populations
Encouragingly, a few species for which widespread and massive declines have
been reported have recently been found to occur in single, isolated populations (i.e.,
Lazarus taxa - those taxa believed to be extinct or nearly so, but that have since been
rediscovered). Atelopus varius was thought globally extinct, but a single remnant
population has since been located. Craugastor ranoides, which has vanished from much
of its range, may exist in a single population in Costa Rica (Puschendorf et al. 2005).
Isthmohyla rivularis, which disappeared from most of Costa Rica in the 1990s, has
recently been rediscovered in the area surrounding Monteverde, Costa Rica. Detecting
remnant populations, if and when they exist, represents the only hope for recovery for
those species that have been most devastated. Remnant populations may represent the
difficulty in locating individuals when populations are small, and may provide important
insight into the mechanisms and routes of the spread of disease or into potential
differences in synergistic interactions of multiple factors. Genetic studies may elucidate
mechanisms for persistence or resistance, and possibly illustrate potential for selection for
resistance.

51

Challenges for Reintroductions
Establishment of captive assurance populations will make eventual reintroduction
possible. Reintroductions currently face overwhelming challenges; reintroduction on a
community level have never been attempted for any vertebrate group worldwide, and
only one reintroduction of a tropical amphibian has ever been attempted (the Puerto
Rican toad, Peltophryne lemur) (A. Lind, personal communication). Most
reintroductions have been of European, North American or Australian species, and while
some have been successful (Denton et al. 1997) most have not been met with success
(Dodd and Seigel 1991). Before reintroductions work as effective strategies, new
approaches for controlling the environmental changes affecting amphibians – emerging
infectious diseases and any synergisms – must be established. Recent research into antiBd effects of symbiotic bacteria on the skin of amphibians perhaps provides one avenue
of investigation into biological control of Bd. Any strategy for reintroduction may take
years or decades to implement, and captive assurance populations must persist until these
environmental factors have been resolved. Simultaneously, future and perhaps
unanticipated environmental issues must be averted, and adequate habitats must remain
protected from future impacts by humans at eventual sites for reintroductions.
Reintroductions of amphibians will be an enormous challenge for conservation.
For most species, habitat associations and requirements are not understood. In the
absence of pre-decline data for most species on basic biology (e.g., population parameters
such as survival and fecundity), it will be difficult to evaluate the success of reestablished populations because there will be no historic baselines to use in evaluating the
health of populations. Genetic diversity of re-established populations may be severely
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compromised; initially, re-established populations will be small and susceptible to even
the smallest stochastic disturbances. Monitoring and assessments of re-established
populations will be essential to gauge effectiveness of reintroduction.

Building In-Country Capacity
All of the conservation actions needed in Central America (enhanced monitoring
efforts, establishment of reserves, improving taxonomy and systematics, establishment
and maintenance of captive assurance populations, eventual efforts to re-introduce and to
monitor post-recovery) will require greatly augmented in-country human and institutional
capacity and associated investments in financial resources and infrastructure. The need
for increased capacity is immediate for conservation actions such as surveillance of
disease and monitoring programs, establishment of captive populations, identifying target
sites for protected areas, research into the causes of declines, and detecting remnant
populations of critically endangered species. Particularly important is in-county, rapidresponse capacity – the ability to quickly respond to population crashes with immediate
attention to research and to efforts to establish captive assurance populations. In the long
term, conservation in-country will require maintaining captive assurance populations and
maintaining research on husbandry, and eventual reintroduction and post-reintroduction
monitoring.
Despite the number of published studies produced on amphibians in Central
America, a very small percentage of these studies included authors affiliated with incountry institutions (Figure 1.7). The overwhelming majority of research published on
Central American amphibians is the work of scientists based at institutions in North
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America and Europe. Yet encouragingly, the proportion of studies that involve local
authors is higher for conservation-oriented work than for amphibian studies in general
(Figure 1.7). Despite a number of prolific herpetologists and conservation biologists
working in Central America, the human resources required to implement a
comprehensive strategy for amphibian conservation clearly are not available currently.
Specific training programs dealing with conservation of amphibians, such as the
successful Research and Analysis Network for Neotropical Amphibians (RANA), will be
immensely helpful in increasing the capacity for amphibian research and conservation in
Central America. Grants targeted to scientists in Central America – and other developing
nations – hold much potential to augment greatly the in-country capacity for amphibian
research in the region. A very small number of major research organizations (principally
the Universidad de Costa Rica and Organization for Tropical Studies in Costa Rica and
the Smithsonian Tropical Research Institute in Panama) are largely responsible for the
volume of research on amphibians produced in their host countries. These organizations
facilitate research and often provide financial support to researchers. Institutions of
similar strength are lacking in other Central American countries. These organizations
should serve as models for developing a capacity for research and conservation in
countries where the fauna is less well known.
An additional problem inhibiting progress in amphibian conservation and biology
in Central America is the lack of communication and dissemination of research results.
Scientists at Latin American universities are not faced with the pressure to publish as are
scientists based at universities in North America, and language barriers may prevent
widespread dissemination of work. Much research on, and knowledge about, amphibians
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in Central America therefore remains unpublished. Development of journals dealing
specifically with amphibian conservation (such as FrogLog and Phyllomedusa),
particularly those that accept manuscripts in Spanish, could positively affect the
dissemination of results. Similarly, encouragement of editorial boards of Englishlanguage herpetological journals to accept manuscripts in Spanish would be likely to
significantly increase publication by Latin American scientists. Biotropica and Revista
de Biologia Tropical are good examples of successful, international, multi-lingual journal
that publishes many papers on conservation in the tropics, including several on
amphibian declines. Volumes 9 and 11 of the series Amphibian Biology, of which this
chapter is a part, taps the expertise of local authors from many countries and presents to
the international scientific community a number of unpublished governmental reports,
papers in different languages from local, hard-to-access journals, and other relatively
inaccessible but valuable information. Finally, web-based databases, listservers, and
electronic journals are often more accessible to Latin American scientists than are printed
media (Young et al. 2001) and these can rapidly distribute information, a critical factor
when dealing with crises and rapidly changing field conditions.

Research and Conservation Actions
A bold research agenda will be required to safeguard the remaining amphibian
diversity in Central America. The following are among the high priority actions for
research and conservation in Central America:
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(1) Basic biology and ecology of Central American amphibians, including
research on physiology and evolution. Applied conservation programs are often inhibited
by lack of basic information on natural history.

(2) Research into the Ecology of Bd. Important topics are how and where Bd
persists in the environment, whether it can persist as a saprobe, whether it can infect nonamphibian species, how it is dispersed from site to site, whether any museum specimens
from pre-decline populations were infected, and population genetic studies to identify
where Bd originated and how it has spread.

(3) Research into Bd-frog interactions. Research is needed on interactions
between amphibians and pathogens to better understand the mechanisms that produce
variation in susceptibility among species (i.e., Richmond et al .2009), populations and
individuals; identify species that serve as reservoirs and vectors, assess direct impacts on
individuals and populations (i.e., Pilliod et al. 2010) and how much transmission is frogto-frog and how much is mediated by the environment.

(4) Study the few remaining intact montane amphibian populations in eastern
Panama. As the only Central American region free from Bd, amphibian species and
populations in eastern Panama deserve special attention.

(5) Explore synergistic interactions between Bd and other stressors. Especially
important are the synergistic interactions of other pathogens, climate, and pesticides.
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(6) Develop a capacity for amphibian research and management in Central
America.

(7) Bolster monitoring efforts in Central America to assess prior loss, and collect
baseline data to detect further change.

(8) Establish captive assurance populations of sensitive species. Such populations
will be essential for research efforts aimed towards investigating novel stressors and
recovery efforts.

(9) Establish protected areas that include populations of sensitive amphibian
species.

(10) Research the impacts of change in land-use. Important topics are the
modification and fragmentation of habitat and how amphibians respond to them.

(11) Improve the understanding of the long-term impacts of climatic change on
amphibians. In particular, studies should test mechanistic hypotheses of how climatic
change will affect animals in the field, and go beyond correlational studies of past
change.
(12) Develop amphibian conservation policy. Nations, both within Central
America and abroad, should restrict and monitor trade of amphibians to reduce
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transmission of pathogens, and develop wildlife policy for addressing issues of emerging
infectious diseases.

CONCLUSIONS
A substantial proportion of Central American amphibians are presently threatened
with extinction under current conditions. Dozens of extinctions have almost certainly
already occurred, and environmental conditions are only likely to worsen in the short
term. Intact amphibian assemblages have essentially disappeared from virtually all
montane areas of the region except for eastern Panama in the past 30 years, as Bd has
spread through Central America (Lips et al. 2006, 2008). At the same time, loss of
habitat and other more subtle anthropogenic factors have continuously eroded amphibian
populations throughout the region.
Crippling gaps persist in the understanding of the extent of, causes for, and
conservation solutions for, these declines. While Bd is clearly a key factor in enigmatic
declines, it is currently difficult to rule out climate or other stressors as important cofactors, primarily because all declines in Central America have occurred against a
backdrop of diverse and significant anthropogenic impacts (Table 1.5). Virtually all
studies in Central America have taken a single-factor approach to research on amphibian
declines, although potential for interactions among factors is high (Table 1.5).
A massive effort to bolster the capacity for conservation in Central American
nations must be initiated. Governmental environmental regulatory institutions will
require assistance in the selection, establishment, and protection of biological preserves.
In-country organizations fostering research, education, and conservation must train
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biologists to conduct monitoring studies, address causality for declines, and initiate
solutions for managing threatened amphibians. Captive assurance populations and
eventual release programs are desperate, expensive, controversial, and human-intensive
strategies for management, but they present the only currently available viable strategy
standing between persistence and extinction for Central America’s most threatened
species. In developed nations, conservation strategies directed toward imperiled species
have been successful largely through employing species-specific management plans; such
options may be successful in Central America if the funding, institutional capacity, and
human resources become available to implement them. Biodiversity is a collective global
resource, and the responsibility for protection of biodiversity is ultimately a global
responsibility, not one for the host nations alone. Protection of biodiversity in speciesrich, developing nations should be a priority, not just for nations in Central America, but
for all nations.
Clearly, the severity, immediacy, and challenges presented by enigmatic and
conventional declines vary greatly. Disturbance of habitats threatens more species, the
impacts and global scale of change in land-use (loss of genetic diversity; broad-scale
eradication of sensitive species and populations; loss of cryptic species) are clearly severe
and the management strategies required to prevent these losses have long been available.
Enigmatic declines are dramatic, immediate, and produce widespread, irreversible
extinctions. As the world becomes increasingly populated, global threats such as climatic
change and emerging infectious diseases are likely to increase in extent and severity.
Undoubtedly, known threats that have not been reported for Central America
(deformities, parasitic trematodes, invasive competitors or predators) may pose future
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problems, and globally unrecognized threats may yet emerge. There is a great need for
research not only on conventional threats, but also on enigmatic ones that are wellrecognized (Bd) as well as those that have received less attention in Central America
(e.g., pesticides, ranavirus, UV-B).
Population declines of amphibians have numerous and significant impacts on
other components of ecosystems because of the central roles amphibians play in food
webs (Whiles et al. 2006; Colon-Gaud et al. 2008; Connelly et al. 2008). The loss of
adult and larval amphibian biodiversity in upland streams will have an impact on
terrestrial habitats and downstream sites. Not only are species and populations of
amphibians lost, but ecosystem structure and function are compromised, with changes in
nutrient cycling, primary productivity, quality and quantity of seston, and the
composition of algal, invertebrate and snake assemblages (Whiles et al. 2006). Most of
the ecosystem-level consequences of amphibian declines are likely to be unrecognized.
Research into amphibian decline has been particularly active in Central America
and observations of declines in the region helped to confirm the nature of the global
crisis. Links between declines and chytridiomycosis were in part forged in Central
America. While much diversity has undoubtedly been irrevocably lost, Central America
has the opportunity to continue pioneering work in research on amphibians and on their
conservation and management. In coming years, amphibian conservation in the region
must move beyond identifying which factors have caused declines. Biologists must look
ahead with a bold agenda of preventing further loss, mitigating environmental
deterioration, and restoring the diversity that has not been irretrievably lost.
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Table 1.1. Taxonomic overview of the amphibians of Central America. Taxonomy
follows (Faivovich et al. (2005); Frost et al. (2006); Grant et al. (2006); Heinicke et al.
(2007).
Taxon
ANURA
Rhinophrynidae
Pipidae
Hemiphractidae
Craugastoridae
Eleutherodactylidae
Strobomantidae
Hylidae
Centrolenidae
Leiuperidae
Aromobatidae
Dendrobatidae
Bufonidae
Leptodactylidae
Microhylidae
Ranidae
CAUDATA
Plethodontidae
GYMNOPHIONA
Caeciliidae
Total
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Genera Species
1
1
2
1
2
2
21
5
2
1
8
5
1
6
1

1
1
3
85
11
14
95
14
2
1
18
40
7
9
11

8

123

4
71

16
451

Table 1.2. Similarity in species composition between Central American physiographic
provinces. Values are expressed as symmetric Bray-Curtis compositional similarity;
higher values indicate higher proportions of shared species. The number of endemic
species confined in each region is provided in italics along the diagonal.
YL
Yucatan Lowlands
(YL)
Maya Mountains
(MM)
NNCA
Highlands (NNCA)
Pacific Lowlands
(PacL)
SNCA Highlands
(SNCA)
Caribbean
Lowlands (CL)
Isthmian
Highlands (IH)
Panamanian
Lowlands (PanL)
Panamanian
Highlands (PH)

1

MM NNCA PacL SNCA CL

IH

PanL

PH

91.9

44.7

22.8

36.2

21.1

11.5

9.9

10.8

1

41.3

21.1

35.1

20.5

11.0

9.0

9.9

34

28.5

39.5

17.2

10.5

6.6

7.0

1

43.9

58.3

58.6

45.2

38.9

53

38.6

25.9

21.7

18.8

3

66.0

51.5

46.4

55

50.6

44.4

1

86.5
6
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Table 1.3. The IUCN threat status of Central American amphibians by country. Number
of species listed in each category is provided, and percentage of species in each threat
category is given in parentheses. Threatened species are listed as vulnerable, endangered,
or critically endangered. Species listed as “Not Assessed” are recently reported species
whose IUCN status has not yet been evaluated by the Global Amphibian Assessment.
Number of “Not Assessed” species is not available for global trends. Species can occur
in more than one country. Regions are abbreviated as follows: GT – Guatemala, BZBelize, ES – El Salvador, HO – Honduras, NI – Nicaragua, CR – Costa Rica, PA Panama, CA = Central America, G = Global.
IUCN Red
List
Category
Least
Concern
(LC)
Near
Threatened
(NT)

G
GT

BZ
25
(64%)

ES
52
(42
%)

HO
22
(64%
)

37
(26%)
10
(7%)

5
(12%)

6
(4%)

1
(2%)

Vulnerable
(VU)

21
(15%)

3
(7%)

Endangered
(EN)
Critically
Endangered
(CR)
Extinct
(EX)
Data
Deficient
(DD)
Not
Assessed

25
(17%)

3
(7%)

32
(22%)
0
(0%)

1
(2%)
0
(0%)

4
(3%)
20
(16
%)
30
(24
%)
1
(0%)

13
(9%)
2
(1%)

1
(2%)
1
(2%)

4
(3%)
5
(4%)

PA
109
(54
%)

150
(33%)

0
10
10
(0%) (5%) (5%)

26
(5%)

2
5
13
5
(5%) (6%) (6%) (2%)
5
24
22
(14%
3
(12
(11
)
(4%) %)
%)
23
23
3
2
(11
(11
(8%) (2%) %)
%)
0
0
3
0
(0%) (0%) (1%) (0%)
26
0
1
16
(13
(0%) (1%) (8%) %)
1
4
5
4
(2%) (5%) (2%) (2%)

39
(8%)

81

NI
57
(79
%)

CR
98
(51
%)

CA

75
(16%)
88
(19%)
4 (0%)
52
(11%)
17
(3%)

2376
(37%
)
387
(6%)
654
(10%
)
758
(12%
)
486
(7%)
37
(0%)
1596
(25%
)
NA

Table 1.4. Conservation status by family for the amphibians of Central America. The
families with the most threatened species include Plethodontidae, Bufonidae,
Craugastoridae, and Hylidae. Abbreviations for IUCN threat categories are as listed in
Table 1.3.
Family
LC NT VU
1
Rhinophrynidae
Pipidae
1
1
Hemiphractidae
18
5
10
Craugastoridae
8
2
Eleutherodactylidae
8
3
Strabomantidae
36
5
4
Hylidae
11
1
Centrolenidae
2
Leiuperidae
1
Aromobatidae
8
1
1
Dendrobatidae
6
Leptodactylidae
8
1
Microhylidae
13
1
2
Bufonidae
6
1
2
Ranidae
18
8
16
Plethodontidae
5
1
Caeciliidae
Total
150 26
39

EN

CR

EX

1
1
15

23

1
14

33

DD

2

3

11
1
2
3
1

NA

1

1

5
1

7

82

2

3

33

7
1
23

75

88

4

16
10
52

5
1
9
17

Total
1
1
3
85
11
14
95
14
2
1
18
7
9
40
11
123
16
451

Table 1.5. Environmental change at sites from which amphibian declines have been
reported in Central America. Y = Present; N = Not present; “-“=no data.
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Figure 1.1. Political entities and physiographic entities of Central America. Highland
areas are shaded
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Figure 1.2. Amphibian species richness patterns of amphibians in Central America.
Greatest species richness occurs in mid-elevation forests of lower Central America.

85

4000

Threatened Species
All Species

3500

Elevational Range

3000
2500
2000
1500
1000
500
0
0

50

100

150

200

Number of Species
Figure 1.3. Elevational distributions and threat status of Central American amphibians.
The greatest proportion of threatened species occurs at high-elevation sites.
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Figure 1.4. Threat status (number of species listed as Critically Endangered,
Endangered, or Vulnerable by the IUCN) of Central American amphibians. Data are
derived from the Global Amphibian Assessment. Numbers identifying decline locations
are as listed in Table 1.5.
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Figure 1.5. Threat status is highly correlated with range size for amphibians in Central
America.
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Figure 1.6. Life history characteristics and threat status of Central American amphibians.
Species that associate with more than one habitat may be included in more than one
category
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Figure 1.7. Trends in amphibian research in Central America. In both figures, gray bars
indicated all studies, and the subset of each bar in black indicates the number of studies
containing at least one author at an affiliation from the country of origin. A) includes all
studies of amphibian biology in Central America; and B) includes only studies with direct
conservation application. The vast majority of work conducted in Central America –for
amphibians as a whole and for conservation studies in particular – has occurred in Costa
Rica and Panama. A small proportion of research in Central America is conducted by incountry researchers.
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Figure 1.9. Specific threats to the amphibians of Central America from GAA data.
Habitat loss threatens the greatest proportion of species, but species threatened by global
warming, pathogens, or natural disasters are most likely to be at risk of extinction.
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Figure 1.10. Recent trends in loss of forest cover, 1990-2005. Proportion of the bar with
diagonal hatching represents the amount of primary forest lacking obvious human
impacts. The portion not hatched indicates secondary or disturbed forests or cultivated
forest plantations. Data in this figure are derived from FAO (2006).
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CHAPTER 2: AMPHIBIAN AND REPTILE DECLINES OVER 35 YEARS AT LA
SELVA, COSTA RICA

ABSTRACT
Amphibians stand at the forefront of a global biodiversity crisis. More than a third of
amphibian species are globally threatened, and over 120 species have likely suffered
global extinction since 1980. Most alarmingly, many rapid declines and extinctions are
occurring in pristine sites lacking obvious adverse effects of human activities. The
causes of these ‘enigmatic’ declines remain highly contested. Still, lack of long-term
data on amphibian populations severely limits our understanding of the distribution of
amphibian declines – and therefore the ultimate causes of these declines. Here, I identify
a systematic community-wide decline in populations of terrestrial amphibians at La Selva
Biological Station, a protected old-growth lowland rainforest in lower Central America. I
use data collected over 35 years to show that population density of all species of
terrestrial amphibians has declined by ~75% since 1970, and I show identical trends for
all species of common reptiles. The trends I identify are neither consistent with recent
emergence of chytridiomycosis nor the climate-linked epidemic hypothesis – two leading
putative causes of enigmatic amphibian declines – and instead suggest changes to
ecosystem-level processes driven by changing climate. My results raise further concerns
about global persistence of amphibian populations by identifying widespread declines in
species and habitats that are not currently recognized as susceptible to such risks.
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INTRODUCTION
Global declines in amphibian populations rank among the most critical issues in
conservation biology (Stuart et al. 2004, Mendelson et al. 2006). Over one third of
amphibian species are globally threatened, and over 120 amphibian species have likely
become extinct since 1980 (Stuart et al. 2004). Amphibian populations worldwide are
negatively affected by anthropogenic factors such as habitat modification or invasive
predators, yet many rapid population declines and extinctions have occurred even in
habitats lacking obvious anthropogenic disturbances. Such ‘enigmatic’ declines have
aroused particular alarm (Stuart et al. 2004, Pounds et al. 2006), and much research and
controversy have surrounded factors contributing to these declines (Blaustein et al. 1994,
Hayes et al. 2002, Lips et al. 2006, Pounds et al. 2006).
The impacts of enigmatic declines have been particularly problematic in Central
and South America (Lips et al. 2006, Mendelson et al. 2006, Pounds et al. 2006). Within
the Neotropics – and elsewhere – the primary large-scale trend observed surrounding
enigmatic declines is that population declines and extinctions occur almost exclusively in
regions >400 m asl (Lips et al. 2003, Pounds et al. 2006). These montane declines have
been associated with outbreaks of chytridiomycosis, a lethal infection of the amphibian
epidermis by the chytrid fungal pathogen Batrachochytrium dendrobatidis (hereafter Bd).
Chytridiomycosis is now widely viewed as the leading causative factor of enigmatic
amphibian declines (Berger et al. 1998, Lips et al. 2006, Pounds et al. 2006). There are
no reports of Bd in Central America before 1986, and first emergence of Bd at a site has
been linked with rapid extirpations of up to 50% of resident amphibian species and total
declines in amphibian density of 80% (Lips et al. 2006). Both laboratory and field
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evidence indicate that growth and pathogenicity of Bd are inhibited by warm
temperatures (Kriger and Hero 2006, Berger et al. 1998, Berger et al. 2004, Piotrowski et
al. 2004), potentially explaining why most observed amphibian decline events have
occurred in montane areas. The recently proposed “climate-linked epidemic hypothesis”
suggests that severe outbreaks of chytridiomycosis are triggered by extreme climatic
events (Pounds et al. 2006).
Despite the growing amount of research investigating ultimate causes of
amphibian declines, a pronounced lack of long-term data still makes it impossible to
determine the status of most populations. Approximately 22.5% of amphibian species are
listed as data-deficient by IUCN, and this knowledge deficit is concentrated in tropical
regions where the overwhelming proportion of biodiversity is located (Stuart et al. 2004).
Those declines that are generally reported are strongly biased toward “rapid” declines,
which may include populations that decline from stable to extinct in a matter of months
(Lips et al. 2006).
In contrast to the lack of long-term data for most tropical amphibian assemblages,
amphibians have been sampled since the 1950s at La Selva Biological Station, a 16 km2
primarily old-growth wet forest reserve in the Caribbean lowlands of Costa Rica (Guyer
and Donnelly 2005). I compiled data obtained from several studies (1970 to 2005) that
estimated density of amphibians and reptiles at La Selva using a standard method (Jaeger
and Inger 1994). The available data focused specifically on the leaf-litter herpetofauna,
which at La Selva includes approximately 26 species of frogs and 2 species of
salamanders, but also 13 species of lizards and many species of snakes (Guyer and
Donnelly 2005). The leaf-litter guild of the lizard fauna represents the vertebrate group
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most ecologically similar to litter amphibians, because both terrestrial frogs and terrestrial
lizards use similar habitats, microhabitats, and prey (Lieberman 1986, Whitfield and
Donnelly 2006). But because these two groups differ in physiological susceptibility to
factors associated with amphibian declines (e.g. pesticide exposure or emerging
infectious diseases), syntopic lizards provide an invaluable contrast for sorting
hypotheses about mechanisms driving amphibian declines.
Our primary goals were to determine whether amphibians at La Selva show
evidence of population declines, whether population trends vary between terrestrial
amphibians and terrestrial lizards, and whether population trends vary among habitat
disturbance regimes. Given current knowledge of global trends in amphibian population
declines (Stuart et al. 2004), as well as detailed patterns for montane regions in the
Neotropics (Lips et al. 2003, Lips et al. 2005, Pounds et al. 2006), there is no a priori
reason to expect widespread population declines to have occurred for the site or
assemblage I examine.

METHODS
La Selva Biological Station (10° 25’N, 84° 00’ W) is a 1615 ha evergreen tropical
wet forest reserve in the Caribbean lowlands of Heredia Province, Costa Rica (McDade
and Hartshorn 1994). Elevation ranges from 30 – 135 m asl. Mean monthly temperature
ranges 24.7° in January to 27.1° in August, and annual precipitation averages ~4000mm
with a short mild dry season from January to April (Sanford et al. 1994). Approximately
53% of the La Selva reserve consists of old-growth forests, and <4% of the reserve
consists of several small plantations of abandoned cacao plantations. These former

97

plantations of cacao (Theobroma cacao) were abandoned in part in 1963 and the
remainder in 1986 (McDade and Hartshorn 1994). Secondary succession followed
abandonment of these plantations. Though many Theobroma trees remain in these sites,
in some cases there were efforts to remove trees from former plantation sites. Our data
from former cacao plantations, thus, track complicated histories of anthropogenic forest
disturbance.
I compiled published and unpublished reports of density of leaf-litter amphibians
and reptiles at La Selva (sources used in this study are summarized in Table 2.1). I
included only data collected using a single standard method, day-sampled litter quadrats
(Jaeger and Inger 1994). Briefly, sampling litter quadrats involves the demarcation of an
area of the forest floor of fixed size followed by an exhaustive search for all amphibians
and reptiles (Jaeger and Inger 1994). This method is widely used for sampling of
terrestrial amphibians and reptiles throughout the tropics (Allmon 1991, Vonesh 2001).
Size of quadrats used in this study range from 4m2 to 144m2. Plots were sampled in both
primary forest and in abandoned cacao plantations undergoing secondary succession. In
the case of studies that conducted experimental manipulations of study quadrats, only
unmanipulated control quadrats were used. A component of these data (~11% of area
sampled) was collected by students in graduate and undergraduate courses and represent
small studies with limited sample sizes. These student studies were supervised by
experienced professional ecologists or herpetologists. Inclusion of these studies may
increase variance due to observer effects, but are the only data available for many of the
years in which data were collected.
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The fundamental data from each census are the numbers of individuals of each
species captured in exhaustive sampling of a plot ranging in size from 4-144m2. Total
amphibians included 93 unidentified frogs (e.g., Eleutherodactylus sp.) and 17
salamanders (Oedipina sp.); total reptiles included 27 snakes. For tests of frogs and
lizards, only species with at least 5 individuals were included. Individual studies
included from 1 to 98 separate plots, typically within the same month but occasionally
spread over an entire year. Not all studies recorded data separately by plot. Therefore,
studies or plots were weighted by area sampled rather than equally by study, which
produced estimates unaffected by the level of aggregation.
These data were analyzed with generalized linear mixed models with Poisson
error and log-link, with log(quadrat size) included as an offset to correct for varying
quadrat size (McCullagh and Nelder 1989). Temporal trends were estimated as linear
slopes across years; with the log-link, these parameter estimates translate to
multiplicative changes in abundance per year. For each species and habitat with 5 or
more individuals, I report the multiplicative change per year as a percent: (1 βyear)*100%. Habitat (cacao v. forest) and taxon (frog v. lizard) were treated as fixed
effects; species within taxon were considered random effects. Differences between taxa
or habitats in temporal trends were tested as taxon × year or habitat × year interactions.
Denominator degrees of freedom were computed by the containment method, so the
taxon × year term was tested against the species(taxon) × year random effect.
Preliminary analyses including wet season v. dry season found no interactions of season
with other factors, and there was no trend in season of sampling across years, so season
was dropped from the analyses reported. The overdispersion parameter of the overall
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model including species, habitat, and year was 0.85, indicating reasonable fit with the
Poisson error. Similar results to those I report were obtained when OTS course data were
excluded from the analyses.

Climate data
Data on precipitation and daily temperature were collected throughout the study
period by meteorological equipment at La Selva Biological Station (1). Daily minimum
temperature data were collected manually at La Selva from the automated meteorological
station beginning in 1992. The daily temperature record was extended back to 1984 by
regressing data from the La Selva record against data from MOLA, a nearby
meteorological station (2).
Until 1992, precipitation data were collected manually from a standard rain
gauge. Starting in 1992, an automated meteorological station was installed which
collected daily precipitation data with a tipping-bucket system. Precipitation data that I
report are daily precipitation data from the automated meteorological station from 1992 –
2004, and data before 1992 were adjusted to correct for the change in data collection
methodology and a move of rain gauge data collection location in 1982. Because manual
checking of rain gauge may not differentiate between days with no rainfall and days the
gauge was not checked, this dataset is only reliable after 1992. However, number of dry
days also decreased in the period 1992-2005. To test if these differences in data
collection details may bias trends in number of dry days that I report, I conducted
analyses using only data collected from the automated meteorological station from 1992
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– 2005. Even using this subset of the data, there was a decrease in the number of dry
days (r2= 0.310, F = 6.393, P = 0.028).

RESULTS
Our data indicate a 75% decline in total densities of leaf-litter amphibians and
reptiles in primary forest since 1970 (Figure 2.1). Total frog density has declined by an
average rate of 4.1% per year since 1970 and, unexpectedly, total lizard density has
decreased by an average of 4.5% per year over the same period. Every individual species
of frog or lizard for which I detected a significant trend (n=17) decreased in density over
the study period in primary forest (Table 2.2). Population trends differed markedly
between primary forest and abandoned cacao plantations (F1,12=104.6, P<0.0001). In
cacao, total density of amphibians and reptiles increased by an annual average of 4.0%
and 2.7%, respectively. While all species declined significantly in primary forest, in
cacao seven species declined and four increased in density; this habitat by taxon
interaction was significant (F1,12=17.44, P=0.001). Even species that increased in density
in cacao declined significantly in forest. Temporal trends in density did not differ
between frog species and lizard species in forest (F1,19=0.05, P=0.82), in cacao
(F1,13=0.95, P=0.35), or when habitat types were pooled (F1,12=0.001, P=0.95). While
individual species’ temporal trends were statistically significant only for common species
with adequate statistical power, there was no association between ranked abundance and
slope of trend (r=0.029, P=0.801, N=77).
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DISCUSSION
The data indicate dramatic declines in total density of terrestrial amphibians since
1970, and nearly identical trends for lizards, but also indicate opposite trends in adjacent
abandoned cacao groves. Declines of similar magnitude have been widely reported for
other tropical sites in Central and South America and Australia, but the trends I identify
are distinct from all other recorded population declines in at least three major ways.
First, community-wide amphibian population declines of the magnitude that I report
herein have only been reported from cool climates – temperate regions or montane
regions of the tropics (Young et al. 2001, Lips et al. 2005, Pounds et al. 2006). Second,
amphibian decline events in the montane tropics have occurred rapidly, often in as little
as 6 months (Lips et al. 2006). Third, declines in montane sites are only rarely reported
to accompany declines in populations of other faunal elements such as reptiles or birds
(Pounds et al. 1999, Whiles et al. 2006). Hence, the widespread declines I describe
appear fundamentally different from all other enigmatic population declines that have
been reported previously.
Differentiating problematic declines from natural fluctuations in populations is an
issue of particular difficulty in applied ecology (Pechmann et al. 1991, Alford and
Richards 1999), yet community-wide unidirectional declines of the duration and intensity
I report here are not consistent with reported data on population fluctuations at other
tropical sites (Andrews 1991, Stewart 1995). Dramatic fluctuations in amphibian
population density may occur, but appear to be driven primarily by unpredictable aquatic
environments (Alford and Richards 1999, Marsh 2001, Daszak et al. 2005). However,
amphibian species with terrestrial direct-development, including the majority of this
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assemblage (Guyer and Donnelly 2005), are independent from standing water and do not
show such dramatic fluctuations in population size (Marsh 2001, Green 2003). Finally,
our data for primary forest suggest simultaneous declines among all common species
without apparent intermittent years of high recruitment, an unlikely pattern for stochastic
population fluctuations.
Habitat modification cannot provide a satisfactory explanation because these
declines have occurred in protected old-growth rainforests (McDade and Hartshorn
1994). Habitat fragmentation is a plausible, but unlikely, mechanism for these declines.
Extensive deforestation has decreased forest in the landscape surrounding La Selva from
55% in 1976 to 34% in 1996 (Sanchez-Azofeifa et al. 1999). The La Selva Biological
Station (35 - 135 m) is connected to the Braulio Carrillo National Park (135 - 2400 m),
but is essentially isolated from other lowland forests on three of its borders. The
isolation of La Selva from other large forest patches has been invoked to explain the
extirpation of several species of insectivorous understory birds (Sigel et al. 2006). Yet in
contrast to these birds, most species of declining amphibians and reptiles at La Selva
historically existed in very large populations that are unlikely to be susceptible to
fragmentation-driven processes such as genetic drift, inbreeding, or demographic
stochasticity. Furthermore, La Selva is bordered on two sides by rivers large enough to
form significant historical barriers to population connectivity, and it is across these rivers
that the majority of deforestation in the region has taken place.
Major processes currently proposed to explain enigmatic declines also fail to
provide a parsimonious explanation for trends reported for La Selva. A consensus is
emerging that chytridiomycosis is the cause many of these enigmatic declines, either
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acting alone or synergistically with other factors (Berger et al. 1998, Lips et al. 2003,
Lips et al. 2006, Pounds et al. 2006). However, no studies have yet reported widespread
declines in lowland populations of amphibians. Laboratory and field evidence
consistently suggest that high temperatures inhibit growth and pathogenicity of Bd
(Kriger and Hero 2006, Berger et al. 1998, Longcore et al. 1999, Piotrowski et al. 2004,
Pounds et al. 2006), and it has been suggested that declines driven by Bd cannot occur in
lowland habitats. Furthermore, recent reports have demonstrated that amphibian
populations of some species may coexist with Bd with no apparent decline (Daszak et al.
2005, Kriger and Hero 2006). Critically, there is no evidence that Bd can affect reptiles
and chytridiomycosis cannot provide a straightforward explanation of why population
densities of the same species declining in primary forest have increased in adjacent
abandoned cacao plantations. The declines I report are inconsistent with any reported
declines attributable to chytridiomycosis, because of recent invasion of Bd (Lips et al.
2006) or emergence of Bd to shifting climate (Pounds et al. 2006).
Pollutants from commercial agriculture that involve frequent aerial applications of
pesticides have also been implicated as factors driving enigmatic amphibian declines
(Davidson 2004). Banana and pineapple plantations in particular have proliferated in the
eastern Costa Rican lowlands upwind from La Selva (Sanchez-Azofeifa et al. 2001).
Agrochemical pesticides may travel long distances (Sparling et al. 2001), and upwind
pesticide use has been correlated significantly with declines in populations of ranid frogs
in the western United States (Davidson 2004). Pesticides may increase mortality directly
by disrupting physiological processes (Hayes et al. 2002), but may also reduce densities
of arthropod prey that have been demonstrated to limit population sizes of lizards at this
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site (Guyer 1988). Pesticide-mediated declines in arthropod density offer a reasonable
explanation for faunal declines among amphibians, reptiles, and insectivorous birds, but
cannot explain population increases in abandoned cacao groves among the same species
experiencing declines in adjacent primary forest.
I suggest that the most parsimonious explanation for declines at La Selva is that
climate shifts in the past 35 years have affected standing litter mass, a major proximate
determinant of abundance for leaf-litter amphibians and reptiles (Lieberman 1986). The
annual mean of daily minimum temperature increased between 1982 and 2004 (Figure
2.2A). Although total rainfall did not increase, the proportion of days with no rainfall
decreased between 1970 and 2004 (Figure 2.2B; climate data described in supplemental
material). The annual mean daily minimum temperature is negatively correlated with
tree growth during the same period (Clark et al. 2003), indicating that these climatic
shifts are of sufficient intensity to influence ecosystem processes. The increasingly warm
and wet conditions of the past two decades could negatively influence standing litter
mass by affecting rates of litterfall or litter decomposition (Aerts 1997). Standing leaf
litter depth has been used to explain density of leaf-litter amphibians and reptiles among
microhabitats (Whitfield and Pierce 2005), forest types (Lieberman 1986, Heinen 1992),
biomes (Fauth et al. 1989), and between seasons (Lieberman 1986). Furthermore, litter
dynamics can explain the difference in trends between habitat types because cacao trees
have several leaf-flushing events each year, therefore litter accumulation is greater in
cacao plantations than it is in old-growth forests (Lieberman 1986). Further, rates of
litterfall may increase as early succession progresses in abandoned plantations (Reed and
Lawrence 2001). Because depth of leaf litter appears to strongly influence the density of
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both terrestrial amphibians and terrestrial reptiles, and because litter decomposition may
be constrained by dry season moisture limitation (Wieder and Wright 1995), an increase
in precipitation frequency could decrease litter mass and reduce critical microhabitat
resources for amphibians and reptiles.
Regardless of which factor - or combination of factors - has contributed to La
Selva declines, I identify what I believe to be the strongest available evidence that
amphibian declines in pristine habitats may be accompanied by simultaneous declines in
other taxa. Cross-taxa declines have been documented elsewhere, yet not emphasized.
Declines in populations of anoline lizards and forest birds accompanied well-documented
amphibian declines in Monteverde, Costa Rica (Pounds et al. 1999). Populations of
reptiles declined in conjunction with amphibians in the Western United States (Matthews
et al. 2002) and in Panama (Whiles et al. 2006). These simultaneous declines have been
attributed either to wide-acting environmental changes (Pounds et al. 1999), or as indirect
consequences of amphibian declines manifested through trophic links (Whiles et al.
2006). Yet because very few studies have documented population trends of other taxa
when reporting amphibian declines, it is impossible to determine how frequently
simultaneous declines of several taxa occur. These data urge that attention be devoted to
understanding how often other faunal groups decline in conjunction with amphibian
population, and what processes cause these simultaneous declines.
Amphibian decline events reported in the literature – particularly those from the
Neotropics – are dominated by mass mortality events and rapid extirpations that occur
over a period of a few months (Lips et al. 2006, Pounds et al. 2006). In contrast to these
sudden decline events, I demonstrate in this report that community-wide gradual declines
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may occur. Sadly, the dramatic declines I report here can only be considered slow in
comparison to such instantaneous extinction events. It is currently impossible to
determine how widespread gradual community-wide declines such as the one I report
here are occurring, because trends such as those I report are impossible to detect without
long-term abundance-based data on population densities collected using consistent
methodology. While such datasets are exceptionally rare, I suggest that these datasets
will be critical to understanding the full extent of the amphibian decline crisis.
Further, the lack of historic data on population densities may lead to naïve or
inappropriate assessments of conservation status, a phenomenon known as shifting
baselines syndrome (Dayton et al. 1998). Even in 2005, the last year for which I include
data, population densities of terrestrial amphibians and reptiles at La Selva may be
greater than densities from sites where similar methodologies have been used (Allmon
1991, Vonesh 2001). Without robust historical datasets indicating precipitous declines,
current densities of amphibians and reptiles could be used to suggest that amphibian and
reptile populations at La Selva are free from conservation risks. Indeed, all but one of the
amphibian species for which I report persistent decade-long declines in protected oldgrowth rainforests are listed as “Least Concern” by the IUCN Red List (IUCN 2006).
These data raise the worrying possibility that systematic declines in amphibian
populations do not only occur in cool climates, but that because declines occurring in
cooler sites occur more quickly, these are the only habitats where they are detected.
These data also indicate that even populations of amphibians for which specific threats
have not been identified may nonetheless be suffering dramatic decline, and that such
populations may be considered stable due to lack of long-term data, not lack of threats.
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Table 2.1. Sources used in this analysis. Studies marked with an asterisk are derived
from unpublished reports in the so-called grey literature, generally reports of student
studies conducted during courses administered by the Organization for Tropical Studies.
Total density refers to all reptiles and amphibians.

Source
Scott (1976) (3)
Scott (1976) (3)
Lieberman (1986) (4)
Black et al. (1974)* (5)
Bennett et al (1982)* (6)
Futuyma et al. (1984)* (7)
Heinen (1992) (8)
Hughes et al. (1991) * (9)
Savage, unpubl.
Buttenhoff and Nicolson
(1996)*(10)
Ugarte (1999)* (11)
Whitfield and Pierce (2005)
(12)
Grossman et al. (2000)*
(13)
Sasa, unpubl.
Sorenson (2002)* (14)
Sasa, unpubl.
Bell and Barrett (2003)*
(15)
Hufft et al. (2003)* (16)
Sasa, unpubl.
Bell and Donnelly (in press)
(17)
Sasa, unpubl.
Lieberman (1986) (4)
Sorhaindo et al. (1972)*
(18)
Bennett et al (1982)* (6)
Fauth et al. (1989) (19)
Heinen (1992) (8)
Hernandez-Huerta et al.
(1994)* (20)
Donnelly, unpubl.
Donnelly, unpubl.
Donnelly, unpubl.
Whitfield and Pierce (2005)
(12)
Sorenson (2002)* (14)

Forest
Type
Forest
Forest

Number
of
Quadrats
9
10

Total
Sample
Area
(m2)
522
580

Total
Density
100m-2
22.03
12.93

Forest
Forest
Forest
Forest
Forest
Forest
Forest

27
4
3
2
25
8
88

1728
232
150
122
625
200
5632

21.12
11.64
14.67
11.48
14.72
15.00
8.90

Jan 1996
July 1999

Forest
Forest

2
8

32
512

15.63
4.69

Apr - May 2000

Forest

32

512

6.25

Jan 2000
Mar 2002
Jun 2002
Nov 2003

Forest
Forest
Forest
Forest

20
10
1
8

1280
640
16
512

3.36
6.88
6.25
8.01

Jun 2003
Jun 2003
Oct 2004
Oct 2003 - Apr
2004
Apr 2005
Dec 1973 - Dec
1974

Forest
Forest
Forest

3
10
18

75
40
1152

4.00
17.50
4.69

Forest
Forest

98
19

2450
475

3.80
6.74

Cacao

16

1024

62.50

Aug 1972
Jan 1982
Aug 1985
Jan - Mar 1990

Cacao
Cacao
Cacao
Cacao

4
3
10
50

232
75
250
1250

18.97
41.33
22.40
30.88

Jan 1994
Sep 1996
Mar 1998
May 1999

Cacao
Cacao
Cacao
Cacao

6
10
10
10

384
1440
1440
1440

9.64
51.39
60.21
55.56

Apr - May 2000
Jun 2002

Cacao
Cacao

22
1

352
16

16.48
6.25

Dates
Mar, Aug 1970
Mar, Jul 1971
Dec 1973 - Dec
1974
Jan - Feb 1974
Jan 1982
Jan 1984
Jan - Mar 1990
Feb 1991
Jul 1994 - Jun 1995
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Table 2.2. Population trends for leaf-litter amphibians and reptiles at La Selva Biological
Station. Density (1970s) for forest and cacao represent mean number of individuals per
100 m2 derived from studies in the early 1970s for forest and cacao habitats, respectively.
Mean percent change indicates mean yearly percentage change in population status for
forest and cacao habitats, respectively; trends in bold are significant at the 0.05
significance level. Confidence limits indicate 95% confidence limits about the mean
percent change. F and P values indicate differences in trends between forest and cacao
habitats. Entire herpetofauna includes frogs, lizards, salamanders, and snakes.

Taxon
Entire herpetofauna
All frogs
All lizards
All salamanders
All snakes
Frogs:
Rhaebo haematiticus
Chaunus marinus
Oophaga pumilio
Craugastor
bransfordii
C. cerasinus
C. fitzingeri
C. megacephalus
C. mimus
C. noblei
C. talamancae
Eleutherodactylus
caryophyllaceous
E. cruentus
E. diastema
E. ridens
Gastrophryne
pictiventris
Lithobates
warszewitschii
Lizards:
Ameiva festiva
Lepidoblepharis
xanthostigma
Norops capito
N. humilis
N. limifrons
Sphenomorphus
cherriei

1970s
Forest
Mean
Density
Yearly
(individuals Percent
100 m-2)
Change
19.01
-4.10
14.24
-4.01
4.57
-4.54

1970s
Mean
Cacao
Yearly
Density
(individuals Percent
Change
100 m-2)
54.46
3.42
38.30
3.99
14.81
2.68

95%
Confidence
Limits
(-4.6, -3.6)
(-4.5, -3.5)
(-5.4, -3.7)

0.13
0.03

-14.52
1.90

(-17.0, -12.2)
(-0.1, 4.1)

0.64
0.72

-17.10
-2.95

95%
Confidence
Limits
F
(2.0, 4.9)
180.6
(2.5, 5.5)
168.6
(1.0, 4.5)
79.4
(-19.0, 15.2)
2.3
(-6.0, 0.5)
8.1

0.23
0.00
3.20

-5.93

(-7.4, -4.4)

(-8.4, -2.6)
(-1.1, 8.0)
(7.3, 10.3)

0.86

(-2.0, -0.4)

-5.69
3.19
8.75

0.03

-1.18

0.32
0.00
14.33

146.8

<0.0001

7.41
0.10
0.00
0.56
0.39
0.13
0.42

-5.22
-0.74
1.95
-9.97
-13.49
-10.42
-6.78

(-6.0. -4.5)
(-2.4, 1.0)
(-0.1, 4.1)
(-11.2, -8.8)
(-15.7, -11.5)
(-13.3, -7.7)
(-8.2, -5.4)

20.46
0.00
0.00
1.27
0.00
0.00
0.00

-4.45
-1.27

(-6.0, -2.8)
(-4.5, 2.4)

1.2
0.11

0.27
0.74

-7.35

(-9.5, -5.0)

5.9

0.016

0.16
0.10
0.46
0.20

-2.27
-3.51
-6.69
-5.77

(-3.8, -0.6)
(-5.2, -1.8)
(-8.0, -5.4)
(-7.3, -4.2)

0.00
0.00
0.64
0.72

-5.41
-14.44

(-9.5, -0.4)
(-19.1, -9.6)

0.58
22.3

0.45
<0.0001

0.26

-2.10

(-4.7, 0.7)

0.08

-3.52

(-6.4, -0.3)

0.54

0.46

0.16

-5.06

(-6.7, -3.3)

0.00

0.13

-3.05

(-4.9, -1.1)

0.40

6.14

(-2.9, 17.4)

8.5

0.0037

0.82
0.07
2.12
0.85

-8.05
-0.73
-4.44
-3.05

(-9.4, -6.8)
(-2.5, 1.1)
(-5.5, -3.4)
(-4.4, -1.7)

5.41
0.08
6.13
1.27

-9.05
-0.24
5.68
5.73

(-10.8, -7.2) 0.78
(-4.0, 4.1)
0.08
(3.9, 7.5)
116.2
(2.7, 9.0)
43.3

0.42

-10.03

(-12.2, -7.9)

1.27

6.51

116

(2.8, 10.6)

69.0

P
<0.0001
<0.0001
<0.0001
0.13
0.0047

0.38
0.78
<0.0001
<0.0001
<0.0001

100.0

A

10.0

Density 100m-2

1.0
0.1
100.0

B

10.0
1.0
0.1
100.0

C

10.0
1.0
0.1
1970

1980

1990

Year

2000

2010

Figure 2.1. Amphibian and reptile density over 35 years at La Selva Biological Station,
Costa Rica. Each point indicates mean density for all quadrats in a given year. Closed
symbols and solid line indicate data from primary forest. Open symbols and dashed line
indicate data from abandoned cacao plantations. A. Trends for all terrestrial amphibians
and reptiles. B. Trends for frogs only. C. Trends for lizards only.
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Figure 2.2. Climate data for 35 years at the La Selva Biological Station indicates that the
climate is getting warmer and consistently wetter. The annual mean of daily mean
temperature (A) has increased and the number of days with zero rainfall has decreased
since 1970 (B).
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CHAPTER 3: TEMPORAL VARIABILITY IN PREVALENCE OF INFECTION BY
THE AMPHIBIAN CHYTRID FUNGUS IN THREE SPECIES OF FROGS AT LA
SELVA, COSTA RICA

ABSTRACT
The emerging infectious disease chytridiomycosis, caused by the Amphibian Chytrid
Fungus, Batrachochytrium dendrobatidis (Bd), is implicated in widespread population
declines, extirpations, and extinctions of amphibians in the Neotropics and throughout the
world. While most tropical amphibian declines have occurred in mid- to high-elevation
sites (>400m asl), populations of amphibians have also declined at the lowland (30-140m
asl) La Selva Biological Station in northeastern Costa Rica. The role of Bd in these
declines has not been assessed. Here, I report the results of a 12-month pathogen
surveillance program for three common species of frogs at La Selva. I combine standard
non-invasive skin swabbing techniques with a quantitative polymerase chain reaction
assay to analyze the prevalence and load of Bd across an annual cycle. My data indicate
an overall Bd infection rate of 6.1% for frogs at this site and an average Bd load among
infected animals of 1020 zoospore equivalents (range: 0.08 to 22418 zoospore
equivalents). My data indicate strong intra-annual variation in the prevalence of Bd:
prevalence of infection increases in months with coolest air temperatures, and coolest
temperatures experienced by the site appear to drive large variation in prevalence. I find
no difference among species in prevalence of infection, despite considerable differences
in affiliation of these species with water. While Bd is one of several potential stressors
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affecting the amphibians of La Selva, it remains unclear whether Bd has a significant role
in declines at this site.

INTRODUCTION
Amphibian assemblages in the highly diverse New World tropics have been
decimated in the past three decades as so-called "enigmatic decline events" have swept
through the region - causing rapid population declines, mass mortality events, and
numerous extinctions (Kilpatrick et al.; 2006; Lips et al. 2005; Lips et al. 2008; Whitfield
et al. in press; Young et al. 2001). These declines are particularly problematic because
they have occurred even in protected areas – the last refuges for biodiversity not eroded
by widespread habitat loss and modification, and environments thought to be relatively
pristine (Whitfield et al. in press; Young et al. 2001). Enigmatic declines in many
Neotropical localities have been associated with the emerging infectious disease
chytridiomycosis, caused by the apparently non-native Amphibian Chytrid Fungus,
Batrachochytrium dendrobatidis (hereafter, “Bd;” Berger et al. 1998; Lips et al. 2006;
Lips et al. 2008). On a local scale, enigmatic declines result in rapid reductions in
population density and species richness (Lips 1998; Lips et al. 2006), but across large
spatial scales the sum of these decline events has produced widespread extinction events,
rapid and severe range contractions, and the homogenization of remnant amphibian
faunas (Smith et al. 2009; Whitfield et al. in press).
Severe declines in amphibian populations have been documented throughout the
Neotropics, including at La Selva Biological Station, a lowland site in northeastern Costa
Rica (Whitfield et al. 2007; Whitfield et al. in press). However, the declines at this site
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are atypical of enigmatic decline events for a number of reasons. First, La Selva is
located below 150m asl, whereas most reported enigmatic declines in amphibian
populations in the Neotropics have taken place in mid- to high-elevation sites (>400m
asl). Second, declines at La Selva were gradual, occurring over four decades rather than
within a period of weeks or months (Lips et al. 2006, Whitfield et al. 2007, RichardsZawacki 2010). Third, no mass mortality events have ever been witnessed at this wellobserved research outpost; and lastly, simultaneous population declines in small lizards
(which are not susceptible to infection by Bd) accompanied declines in amphibian
populations (Whitfield et al. 2007). The principal factor or factors contributing to
population declines at La Selva have not been established.
The Amphibian Chytrid Fungus was formally described and first linked to
amphibian declines in the late 1990s (Berger et al. 1998; Kilpatrick et al. 2010; Longcore
et al. 1999; Rosenblum et al. 2010). The life cycle of Bd consists of two stages: thalli
that develop in keratinized epithelial tissues of amphibians, and flagellated zoospores that
are the propagules for dispersal. Zoospores are believed to be dependent on water for
dispersal, a fact that has been used to explain higher rates of infection and decline among
amphibian species with aquatic life stages (Kriger and Hero 2007b; Lips et al. 2006; Lips
et al. 2003). Amphibians infected with Bd may eventually die of cardiac arrest triggered
by disruption of electrolyte transport across amphibian skin (Voyles et al. 2007; Voyles et
al. 2009). Evidence suggests that Bd is introduced to the Neotropics (Lips et al. 2008;
Rohr et al. 2008, but see Pounds et al. 2006) possibly with an origin in Africa (Soto-Azat
et al.; Weldon et al. 2004). The first records of Bd in Costa Rica are from 1986, and the
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projected current distribution of Bd covers most of the country (Puschendorf et al. 2009;
Ron 2005).
A growing body of evidence, from both lab experiments and empirical field data,
has attempted to explain why Bd-associated declines generally occur in cool climates.
Evidence from physiological studies of Bd in culture indicates that growth of Bd is
temperature-sensitive. Piotrowski et al.(2004) found that growth in culture peaks at 1523oC, that growth stops at 28oC, and that 50% of cultures died after 8d at 30oC. Johnson
et al. (2003) found that Bd cultures in the lab survive well at 26oC, but 100% mortality of
Bd cultures occurs after 4d at 32oC. Berger et al. (2004) found that experimentally
infected frogs experienced 100% mortality at 23oC, but only 50% mortality at 27oC.
Field studies have also confirmed temperature-sensitivity of Bd. Kriger and Hero
(2007c) demonstrated a negative correlation between prevalence of chytridiomycosis and
mean air temperature (range: 12 oC to 22 oC) at a subtropical site in Queensland,
Australia. Brem and Lips (2008) conducted surveys for Bd along two elevational
gradients in Panama and found highest prevalence at high elevations. Richards-Zawacki
(2010) demonstrated that amphibians can use behavioral thermoregulation to increase
body temperatures and fight infection by Bd. Cumulatively, these studies suggest that
intolerance of Bd to warm climates may explain why the vast majority of observed
enigmatic declines - as well as the greatest density of threatened and possibly extinct
species - occurs above 400m asl in the tropics (Lips et al. 2005; Whitfield et al. in press).
Nevertheless, the precise thermal limits of Bd in the field have not been rigorously
established.
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It is not currently possible to determine whether chytridiomycosis is a factor
contributing to population declines of amphibians at La Selva, or whether Bd should be
seen as a threat to lowland populations of amphibians elsewhere in the neotropics.
Whitfield et al. (2007) failed to detect Bd at La Selva based on a preliminary analysis of
140 individuals of Oophaga pumilio, Craugastor bransfordii, and Dendropsophus
ebraccatus. However, Bd has been present in the region at least since 1986 (Puschendorf
et al. 2006), and enigmatic decline events consistent with our knowledge of
chytridiomycosis have occurred directly upslope from La Selva in the Parque Nacional
Braulio Carrillo (Puschendorf et al. 2006). Further, there exist scattered reports of Bd in
lowland tropical forests (Brem and Lips 2008; Puschendorf and Bolanos 2006;
Puschendorf et al. 2006; Sanchez et al. 2008; Woodhams et al. 2008). Given current
knowledge of thermal physiology of Bd, it appears that average temperatures in lowland
wet forests of Costa Rica, such as La Selva, are within the range under which Bd can
persist, but are beyond the optimal range of temperatures for growth of Bd. Without a
basic understanding of the prevalence of chytridiomycosis on amphibians at this site, it
will not be possible to evaluate: 1) the role of chytridiomycosis in population declines at
La Selva; 2) the threat posed to lowland amphibian faunas by Bd; or 3) the relation of La
Selva declines to those in montane regions of the neotropics.
Herein, I report the results of a 12-month pathogen surveillance program at La
Selva Biological Station for three common species of frogs that represent a gradient from
aquatic to terrestrial reproduction. Our primary goals were to assess the overall
prevalence of infection by Bd on frogs at this site, and to relate infection prevalence to
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temperature and precipitation. I expect that prevalence of infection will be very low at
this site because temperatures are above those at which most Bd-associated declines have
occurred, and I expect little intra-annual variation in prevalence because lowland tropical
ecosystems show little seasonal variation in temperature. Further, I expect that
prevalence should be restricted to – or greatest in – species most strongly associated with
aquatic resources.

METHODS
Study Site
La Selva Biological Station is a 16 km2 private biological reserve in the
northeastern lowlands of Sarapiquí, Heredia Province, Costa Rica (10o 26' N, 83o 59' W).
The site has been protected and managed by the Organization for Tropical Studies since
1968 (Clark 1990), and has been described as lowland wet forest, with elevation ranging
from 35m to 137m asl. The site receives on average 4000mm annual precipitation, with
no month on average receiving <100mm rainfall. There is little intra-annual variation in
temperature (Figure 3.1), as is typical for tropical ecosystems. The majority of the site is
primary forest, apparently with only small-scale direct human impacts since the European
invasion of the Americas; other parts of the reserve include forests regenerating from
pasture and other agricultural uses (McDade and Hartshorn 1994). The reserve rests at
the foot of 460km2 Parque Nacional Braulio Carrillo, a national protected area which
extends up to ~2900m in elevation. Since the 1950s, the lowland regions surrounding La
Selva have largely been converted from a continuous expanse of rainforest into
heterogeneous patches of pasture, agricultural plantations (typically cacao, palm heart,
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bananas, and pineapple), and residual forest fragments (Butterfield 1994). The
amphibian fauna of La Selva is very well-known, with 52 amphibian species known to
occur at the site (Donnelly 1994; Guyer 1990; Guyer and Donnelly 2005, Whitfield pers.
obs.). The site has experienced a prolonged, gradual decline in total density of terrestrial
amphibians (Whitfield et al. 2007), but with little or no evident species loss.

Field sampling
I sampled three common species of frogs at La Selva Biological Station that
represent a range of life histories. Rhaebo (=Bufo) haematiticus is a bufonid toad with
stream-dwelling tadpoles that passes the adult phase in forests or along rocky beaches.
Oophaga pumilio is a dendrobatid poison frog with terrestrial eggs, tadpoles that are
deposited in phytotelmata, and terrestrial forest-dwelling adults. Craugastor bransfordii
is a direct-developing craugastorid frog that deposits eggs under soil away from aquatic
habitats and that lacks free-living tadpoles but instead has eggs that hatch directly into
small froglets that spend the entirety of their lives in the leaf-litter on the forest floor.
These species represent points along a gradient ranging from the generalized amphibian
life cycle with aquatic reproduction towards more derived terrestrial forms of
reproduction that are common in humid tropical forests. Each species studied here is the
most abundant representative of its reproductive mode found at La Selva.
To determine whether amphibians were infected with Bd at La Selva, I combined
a non-invasive quantitative swabbing technique (Hyatt et al. 2007; Kriger and Hero
2007a) with quantitative (real-time) PCR ("qPCR," Boyle et al. 2004; Hyatt et al. 2007).
Between May 2007 and April 2008, I captured frogs in the field by hand, using either
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latex gloves or unused plastic bags. For all captured frogs, I swabbed surfaces of the
body with sterile Fisher brand cotton fiber tipped wooden applicators (Fisher# 14-95996B, hereafter "swabs"). A small number of amphibian skin cells adhere to the swab, and
because thalli of Bd infect the amphibian dermis and epidermis, thalli or zoospores of Bd
are collected in the swab sample. I swabbed frogs 10 times on the venter, 5 times on each
side of the abdomen, and twice on each hand or foot (with the exception of the December
2007 and early January 2008 sampling sessions, in which hands and feet were swabbed
five times each). The venter, hands, and feet are among the body surfaces most likely to
be infected with Bd (Puschendorf and Bolanos 2006). The slight methodological
difference in December 2007 and January 2007 and the other months was likely to
produce a bias in Bd load, but less so in prevalence. To determine whether such biases
exist, I re-analyzed data while reducing our estimates of Bd load by 20% in these months
and found no substantial difference in the results. In addition to the swab sample for each
captured frog, I collected data on species, snout-vent length, body mass, and age-sex
class (juvenile, male, or female for D. pumilio and C. bransfordii; R. haematiticus were
categorized as juvenile or adult).
Our sampling consisted of thirteen sessions over the period between May 2007
and April 2008. Sampling sessions generally lasted up to five days, and were usually
conducted at four week intervals (see Table 3.1). I attempted to sample 30 individuals
per species in each of these sampling sessions. Swab samples were stored at room
temperature until July 2008, when they were placed into a -20° C freezer where they
remained until processing.
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Pathogen quantification
I used qPCR to evaluate infection status and to quantify Bd loads of sampled
individuals. I extracted DNA from swabs using Qiagen DNeasy kits following
manufacturer’s procedures. While studies using qPCR to quantify Bd infection in
amphibians generally use a different extraction protocol (PrepMan Ultra), I encountered
difficulties with inhibition of PCR using the PrepMan Ultra extraction techniques,
presumably because of secondary compounds present in the wooden handles of our
swabs. I confirmed that issues with PCR inhibition were not problematic with Qiagen
extraction protocols by comparing extractions of PrepMan Ultra and Qiagen techniques
of swabs spiked with culture broth containing an isolate of Bd. These trials indicated no
evidence of inhibition using the Qiagen extraction protocols.
I ran qPCR reactions based on methodology from Boyle et al. (2004). I used
10µL reactions containing 3µL of extracted DNA template, 900-nmol forward primer,
900-nmol reverse primer, 250 nmol probe, and 2X Taqman Fast Universal Master Mix
(Applied Biosystems, Foster City, CA). I ran plates for one cycle of 95° C (20 sec) and
50 cycles of 95° C (3 sec) and 60° C (20 sec) on a StepOnePlus qPCR machine (Applied
Biosystems, Foster City, CA). Each plate included a negative control and standard curve
from 0.06 - 60 zoospore equivalents. I obtained standards from an Australian diagnostic
lab (CSIRO, Livestock Industries). I ran reactions in triplicate, initially with DNA
pooled from three swabs in a single reaction to save time and cost. Reactions from
pooled swabs that showed positive results in any of the three wells were subsequently
broken up separately and run in triplicate as individual swab samples. I considered
samples to be positive if assays tested positive for Bd in two of the three triplicates.
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Samples that tested positive in only one well of the three triplicates were considered
suspicious and run in triplicate a second time. I used StepOne software v2.1 (Applied
Biosystems, Foster City, CA) to analyze the qPCR results.

Weather and climate data
To examine relationships between prevalence and climatic variables, I used
meteorological data from La Selva Biological Station's on-site meteorological station. I
chose to examine relationships between average daily temperature and precipitation
during the study period from May 2007 - April 2008 as they relate to prevalence and
infection intensity. To illustrate long-term patterns in climate, I used a historical database
of temperature records from April 1982 - December 2008. A more detailed summary of
La Selva's climate has been provided previously (Sanford et al. 1994).

Statistical analysis
I used generalized additive models (“GAMs”) to evaluate temporal variation in
prevalence of infection by Bd (Wood 2006; Zuur et al. 2009). Additive modeling makes
no assumption of a linear relationship between predictor and response variables, but
produces non-parametric smoothed curves that identify a relationship between such
variables; smoothed curves generated by such GAMs are subject to tests to assess
significance. Generalized additive modeling allows for the analysis of data with nonnormal distributions (i.e., binary data). I used GAMs to describe relationships between
date and prevalence and between date and Bd load because exploratory analyses
indicated that these relationships were nonlinear, and could not be linearized. I
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conducted GAMs using the gam procedure in the mgcv package in R (Wood 2006), using
date as a predictor variable and infection status as a binary response variable and
specifying binomial error distributions and a logit link. To model infection intensity over
time, I also used the gam procedure, used quantitative Bd load (number of zoospore
equivalents) as a response variable; Bd load was log-transformed for analysis, and I
specified Gaussian error distributions for this analysis because the underlying
assumptions for normality.
Exploratory analyses indicated that all predictor variables except date allowed for
linear modeling with infection prevalence and intensity. I therefore used generalized
linear mixed modeling to explore relationships among infection status and the following
predictor variables: frog age-sex class (juvenile, female, or male), species, snout-vent
length (SVL), and index of body condition (IBC). To obtain values for IBC, I performed
species-specific regressions between (square-root transformed) mass and SVL. The
resulting model was highly significant (F2,773=1971, r2=0.927, P<0.0001), and I used the
residuals from this model as our values for IBC. I were also interested in modeling
effects of two climatic variables: Tair, the average of daily average air temperature from
the 30 days preceding each swab sample; and P30, the cumulative precipitation over the
30 days preceding each swab sample. Preliminary analyses using different metrics for
temperature (daily minimum temperature, daily maximum temperature) or precipitation
(daily average rainfall) and using different temporal scales (averaged temperature and
cumulative precipitation over 7, 15, or 30 days) produced trends similar to those for our
chosen climatic metrics. Because there were a considerable number of missing values for
mass and IBC, I performed two separate GLMs for each fundamental response variable.
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One included species and climatic variables (which were available for all samples in the
dataset) and another that included species, sex, SVL, and IBC. Our prevalence analysis
was conducted with a generalized linear mixed model using the lmer procedure in the
lme4 package of R, again with binomial error distributions and a logit link for prevalence
as a response variable, and with sampling session included as a random factor. Modeling
of infection intensity was performed as above, but with log-transformed number of
zoospore equivalents as a response variable, and with specification of Gaussian error
distributions.

RESULTS
I examined prevalence and infection intensity for 836 frogs between May 2007
and April 2008 (Table 3.1). Of these, 51 frogs tested positive for Bd, yielding an overall
prevalence rate of 6.1%. For individuals that tested positive for Bd, the Bd load ranged
from 0.08 to 22,417 zoospore equivalents (mean = 1020; sd = 3414; median = 52.7).
I detected the presence of Bd at La Selva throughout the year, although
prevalence was very low from May 2007 through November 2007. Prevalence increased
rapidly from November 2007 until January 2008, and decreased thereafter through the
end of our study period (Table 3.1). Our GAM confirmed strong evidence of variation in
infection prevalence over time (Figure 3.2, statistics for smoothing term: χ2 = 27.01, ref.
df = 4.724, P <0.0005). I detected no temporal trend in Bd load among infected animals
(F= 1.64, ref. df = 1.76, P <0.203).
There was a strong negative relationship between prevalence and temperature,
and no direct relationship between prevalence and precipitation (Figure 3.3). However,
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the analyses indicate an interaction between species and precipitation: prevalence in O.
pumilio and R. haematiticus is positively correlated with precipitation, while C.
bransfordii shows a slight negative relationship with precipitation. Our analysis of
individual covariates indicated no effect of species, age-sex class, or IBC (Table 3.2).
While I found no main effect of SVL, there was a significant interaction between SVL
and species: C. bransfordii with Bd infections tended to be larger than those without
(F1,201=15.97, P<0.001); in contrast O. pumilio with Bd tended to be smaller than those
without (F1,359=11.42, P<0.0008); there was no difference in SVL between infected and
non-infected R. haematiticus (F1,253=0.061, P=0.8; Figure 3.4).
Our analyses of Bd load both indicated differences among species in infection
intensity. Specifically, O. pumilio showed higher Bd loads than either C. bransfordii or
R. haematiticus, but that there was no difference in Bd loads between R. haematiticus and
C. bransfordii (Table 3.2, Figure 3.5). I detected no association between Bd load and
temperature or precipitation, or with any of the individual covariates I examined (age-sex
class, SVL, or IBC; Table 3.2).
DISCUSSION
My results indicate a generally low prevalence of infection by Bd for species
examined in this study, but also considerable variation in prevalence over the course of
an annual cycle. While prevalence was extremely low during the warmer months of our
study period (May - October 2007), prevalence was much higher in the coolest months of
the study (December 2007 until March 2008). I detected no variation over time in Bd
load of infected animals; however, because only 51 individuals in our dataset tested
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positive for Bd, I do not have strong evidence against seasonal variation in infection
intensity.
Prevalence was indeed strongly negatively correlated with temperature,
confirming well-established trends detected by others (Brem and Lips 2008; Kriger and
Hero 2007a; Piotrowski et al. 2004). The model indicates that the relationship between
prevalence and temperature is not linear, but that prevalence increases exponentially as
temperature decreases (Figure 3.3). Two non-mutually exclusive hypotheses may
account for these trends. First, at the coolest times of the year, temperatures at La Selva
may be compatible with growth of Bd, but in warmer months temperature acts as a
control on growth or survival of the fungus. Alternatively, cooler temperatures may be
adversely affecting the frog immune system of our study animals. In either case, the
relationship between prevalence and temperature is generalizable across the three species
in this study.
I found no difference among species in prevalence, in spite of pronounced
differences in these species' associations with water or streams. However, our models did
consistently indicate species-level variation in Bd loads, with O. pumilio demonstrating
higher Bd loads than the other two species. At least one other study has demonstrated
species-level variation in infection prevalence, a result that was attributed to differential
associations with flowing water and reproductive mode (Kriger and Hero 2007b).
However, of the three species in our study O. pumilio is intermediate in its dependence
on water. While the number of species examined in our study is limited, the data do not
support the idea that infection prevalence is correlated with flowing water or reproductive
mode.
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While details of field swabbing techniques and lab methodology among studies of
Bd are likely to confound efforts to directly compare the results of this study to others,
our estimates of prevalence are concordant with limited data on Bd that exist for our
region. Using histological techniques on specimens collected between March and April
1986, Puschendorf et al. (2006) detected Bd in 1 of 13 C. bransfordii and in 1 of 6 O.
pumilio at nearby sites, though these positive samples were detected at a site with slightly
higher elevation. Puschendorf et al. (2006) also reported 1 of 4 C. bransfordii positive
for Bd in March 2002 at Reserva Forestal Escalera del Mono at Earth University, a site
~65km from our site and at a similar elevation. Puschendorf et al. (2009) failed to detect
Bd using histology in the majority of specimens from the lowlands of northeastern Costa
Rica.
My data indicate significant temporal variation in the prevalence of
chytridiomycosis. This pattern can be interpreted in at least three ways: as the initial
invasion of Bd to this site, as a periodic but temperature-independent outbreak of
chytridiomycosis, or as a recurring seasonal disease driven by slight changes in
temperature. Because Bd has been present at a site 12km from La Selva since 1986, and
is rapidly increasing its range across Central America (Lips et al. 2008; Woodhams et al.
2008), it seems unlikely that our data represent the initial introduction of Bd to this site,
and it is reasonable to assume that Bd has been present at La Selva at least since the mid1980s. Given the low intra-annual variation in temperature at La Selva, it is plausible to
assume that Bd occurs in episodic – though not necessarily regularly-occurring or
predictably seasonal – outbreaks. However, non-quantitative pathogen surveillance
efforts between June and November 2006 failed to find any evidence of Bd (Whitfield et
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al. 2007), though continued disease monitoring efforts at the site indicated presence of Bd
in February and March 2007 (Whitfield et al. unpubl.). These data are consistent with the
hypothesis of regularly occurring outbreaks triggered by slightly lowered temperatures in
cooler months.
Except for the consistent link between temperature and prevalence, details of the
three species’ responses to climate and individual covariates were individualistic - trends
could not be generalized across all three species. Both R. haematiticus and O. pumilio
showed weak positive correlations between precipitation and infection probability, but C.
bransfordii showed a weak negative correlation between precipitation and infection
probability. The flagellated zoospores of Bd require water for dispersal, and thus the
trends for R. haematiticus and O. pumilio are relatively easy to interpret. It is at least
plausible that in drier months, C. bransfordii are attracted to moister microclimates where
Bd may persist, or where other C. bransfordii aggregate – thereby facilitating disease
transfer. Further, because the climate at La Selva is quite consistently wet and has no
regularly occurring extremely dry periods, I would expect that moisture limitation should
not limit reproduction of Bd through most of the year.
While infected C. bransfordii tended to be larger than uninfected individuals, O.
pumilio showed an opposite trend and R. haematiticus showed no evident association
between size and infection status. At least one other study has indicated that smaller
individuals are more likely to be infected (Kriger and Hero 2007a), suggesting that Bd
may adversely affect growth. In the case of O. pumilio, the smaller individuals that have
recently metamorphosed may be more likely to be infected because they have more
exposure to water (in this case, phytotelmata) than do adults. Alternatively, dispersal in
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O. pumilio primarily occurs among juveniles, as adults are philopatric and have small
home ranges (Donnelly 1989). It is possible that dispersal events cause juvenile O.
pumilio to cross small streams where Bd may be more prevalent. Although the patterns
in size of infected individuals can plausibly be explained species by species, I do not have
data for sufficient numbers of species to generate robust hypotheses about relationships
between body size and infection.
My data indicate a clear association between Bd prevalence and monthly
temperature, and suggest that La Selva's climate is amenable to infection by Bd in cooler
months, but not in warmer months. While studies attempting to predict the geographic
range of Bd suggest that lowland forests are amenable to Bd (Puschendorf et al. 2009;
Ron 2005), relatively little attention is given to Bd in lowland ecosystems. My data
provide valuable information about the occurrence of Bd in lowland forests, and suggest
that attempts to model the occurrence of Bd should rely on estimates of lowest
temperatures found at a site, not necessarily average temperatures. Our results also
indicate that during cool periods, Bd can occur at relatively high prevalence in forests
that are generally thought to be too warm for persistence of Bd.
While our study expands the understanding of Bd in the lowland tropics, I
ultimately remain unable to determine whether chytridiomycosis is responsible for – in
whole or in part – observed population declines of amphibians at La Selva. While on one
extreme, arrival of Bd at a site can cause immediate and dramatic impacts on amphibian
assemblages (Lips et al. 2006; Richards-Zawacki 2010), other studies have shown that
amphibians infected with Bd persist in the wild. Kriger (2006) found that Bd-infected
frogs appear to show no reduced survival compared with uninfected individuals.
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However, Murray et al. (2009) demonstrated the Bd may continue to cause increased
mortality – though not pronounced declines – in amphibians long after the initial invasion
of Bd to a site; such a pattern may be consistent with trends for La Selva.
Chytridiomycosis may be acting as a novel stressor on amphibian populations at
La Selva, yet it is difficult to attribute all trends reported from La Selva to
chytridiomycosis. Whitfield et al. (2007) used long-term data to demonstrate parallel
declines in small terrestrial lizards and small terrestrial amphibians, though lizards are not
susceptible to Bd. Further, Whitfield et al. (2007) reported increased amphibian density
in disturbed forests of La Selva, which is again difficult to reconcile with current
knowledge of Bd.
In any case, Bd is at best one of a complex suite of novel stressors likely to impact
amphibians at this site. Fragmentation effects have been felt on the birds and large
mammals (Sigel et al. 2006; Young et al. 2008). Pesticide residues, presumably carried
by air from agricultural plantations upwind from La Selva have been detected in soils and
air of La Selva (Daly et al. 2007a; Daly et al. 2007b). Climate change is a known
stressor, likely to significantly affect ectotherms in the near term if it is not affecting
ectotherms at this site already. Severe El Niño-Southern Oscillation events have
pronounced effects on the forests (Clark et al. 2003), although no data exist on their
impacts on amphibians. There is little doubt that La Selva, like most tropical ecosystems
– even those thought to be pristine – is impacted by a variety of novel stressors that may
be adversely affecting amphibian populations. Until more data are available on impacts
of each of these stressors on amphibian populations, it will be impossible to isolate any
role of Bd in La Selva's declines.
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My data provide the first robust estimates of prevalence of Bd at a lowland
tropical site and I illustrate relatively high prevalence of chytridiomycosis in northern
winter, despite low variation in temperature between coolest and warmest months at this
site. These data are important for a number of reasons. First, our data indicate that
efforts to detect Bd in lowland forests should be concentrated in the coolest months of the
year even if those months are only slightly cooler than the yearly average. Similarly,
efforts to model the distribution of Bd should rely on coolest temperatures in determining
the geographic range of Bd. Indeed, Ron et al. (2005) found that minimum temperature
of the coldest month was one of the strongest predictors in efforts to predict occurrence
of Bd for the New World, but Puschendorf et al. (2009) found that minimum temperature
of the coldest month was a relatively weak predictor of Bd occurrence for modeling
efforts in Costa Rica.
Our study also underscores the importance of relatively long-term disease
surveillance efforts. Because prevalence was extremely low in most months, and our
estimate of prevalence is zero for several sampling periods, sampling efforts that are
restricted to a single point in time, or that are limited in sample size, may fail to detect Bd
at sites where it occurs. Such false negatives will impact efforts do understand the
dynamics of chytridiomycosis as well as efforts to model the geographic distribution of
Bd (Puschendorf et al. 2009; Ron 2005).
The climate at La Selva appears to be at the warm edge of Bd’s distributional
limit, and La Selva’s climate is warming (Clark et al. 2003; Whitfield et al. 2007). Clark
et al. (2003) indicated that the greatest recent climate change at La Selva has been an
increase in daily minimum temperature, while the average and daily maximum
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temperatures have remained relatively stable. Recent climate change may impact Bd in
several ways. First, upon initial invasion to La Selva, Bd may have encountered a
climate with somewhat cooler minimum temperatures than those found during our study
period. While the recent increase in daily minimum temperatures is small (<1°C), our
study clearly indicates that relatively minor variability at the lower range of temperatures
found at La Selva may have a strong impact on the ability of Bd to survive there (Figure
3.3). Second, if warming trends continue – or accelerate – La Selva may eventually
become uninhabitable for Bd. However, continued increases in temperature are also
likely to make La Selva uninhabitable for those species of amphibians at the warm edge
of their thermal limit (Colwell et al. 2008; Deutsch et al. 2008; Huey et al. 2009). While
it is likely that warming will make lowland forests less hospitable to Bd, it is also
unlikely that warming will be a wholesale gain for lowland amphibian faunas.
A number of studies have now indicated presence of Bd at lowland sites (Brem
and Lips 2008; Frias-Alvarez et al. 2008; Kriger and Hero 2008; Sanchez et al. 2008).
None of the lowland sites in these studies appear to have suffered massive species loss
characteristic of upland sites, though it is impossible to determine whether these sites
suffer decline. A multi-decade dataset of quantitative population densities is available for
none of these lowland sites, and without such a dataset, declines even at our lowland site
would be nearly impossible to detect. If Bd is causing La Selva's declines, and Bd is
widespread in lowland tropical forests – as data seem to suggest – then gradual
population declines such as those at La Selva may be widespread as well.
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Tables
Table 3.1. Prevalence of infection for three species of common frogs.

Sampling
Dates
8-11 May

Rhaebo

Craugastor

haematiticus

bransfordii

Negative Positive

Negative Positive

Oophaga pumilio

Total

Negative Positive

Negative Positive

51

0

11

0

54

0

116

0

(100%)

(0%)

(100%)

(0%)

(100%)

(0%)

(100%)

(0%)

6

0

36

1

53

0

95

1

Jun 2007

(100%)

(0%)

(97.3%)

(2.7%)

(100%)

(0%)

(99.0%)

(1.0%)

30 Jul – 2

2

0

4

1

30

0

36

1

Aug 2007

(100%)

(0%)

(80%)

(20%)

(100%)

(0%)

(96.4%)

(3.6%)

27 Aug - 6

15

0

1

0

13

0

29

0

Sep 2007

(100%)

(0%)

(100%)

(0%)

(100%)

(0%)

(100%)

(0%)

24-27 Sep

29

0

11

2

14

0

54

2

(100%)

(0%)

(84.6%)

(15.4%)

(100%)

(0%)

(96.4%)

(3.6%)

0

7

0

24

1

62

1

(0%)

(100%)

(0%)

(96.0%)

(4.0%)

(98.4%)

(1.6%)

3

11

0

27

0

55

3

(100%)

(0%)

(100%)

(0%)

(94.8%)

(5.2%)

2

0

5

0

7

0

(100%)

(0%)

(100%)

(0%)

(100%)

(0%)

6

0

13

10

32

17

(100%)

(0%)

(56.5%)

(43.5%)

24

2

28

3

(92.3%)

(7.7%)

(90.3%)

(9.7%)

2007
30 May - 8

2007
22-25 Oct
2007
21-24 Nov
2007
24 Dec 2007
3-7 Jan 2008
14-17 Jan
2008
10-13 Feb
2008
10-13 Mar
2008
8-11 Apr
2008
TOTAL

31 (100%)
17

(85.0%) (15.0%)
-

-

13

7

(65.0%) (35.0%)
14

4

(77.8%) (22.2%)
30

1

24

5

27

3

(96.8%)

(3.2%)

(82.8%)

(17.2%)

(90.0%)

(10.0%)

11

2

28

2

31

0

(93.3%)

(6.7%)

(100%)

(0%)

(84.6%) (15.4%)

(65.3%) (34.7%)
66

9

(88.0%) (12.0%)
81

9

(90.0%) (10.0%)
70

4

(94.6%) (5..4%)

25

0

25

2

30

2

80

4

(100%)

(0%)

(92.6%)

(7.4%)

(93.8%)

(6.3%)

(95.2%)

(4.8%)

246

17

190

15

349

19

785

51

(92.7%)

(7.3%)

(94.8%)

(5.2%)

(93.5%) (6.5%)

146

(93.9%) (6.1%)

Table 3.2. Summary statistics for linear models for prevalence and infection intensity.
Prevalence
Prevalence x climate
Generalized linear model
Null
Species
Precipitation
Temperature
Species x precipitation

Df

Deviance

2
1
1
2

1.16
26.58
26.24
12.94

Df

Deviance

2
1
1
3
2

1.501
0.431
0.002
5.785
29.644

Resid. Df Resid. Dev. P(>|Chi|)
746
340.08
744
338.58
0.4721
743
338.15
0.5115
742
338.15
0.9683
739
332.36
0.1225
737
302.72
<0.0001

Bd load (positives only)
Bd load x climate
Analysis of covariance
Species
30-Day Precipitation
30-Day Temperature
Residuals

Df
2
1
1
46

Sum Sq
57.487
3.400
5.736
281.648

Mean Sq
28.7437
3.3998
5.736
6.1228

F
4.6946
0.5553
0.9368

Pr(>F)
0.0140
0.4600
0.3382

Bd load x individual covariates
Analysis of covariance
Species
SVL
IBC
Age-sex class
Residuals

Df
2
1
1
3
37

Sum Sq
53.990
10.772
17.369
2.059
237.833

Mean Sq.
26.995
10.772
17.369
0.686
6.428

F
4.200
1.676
2.702
0.107

Pr(>F)
0.0227
0.2035
0.1087
0.9556

Prevalence x individual covariates
Generalized linear model
NULL
Species
SVL
IBC
Age-sex class
Species x SVL
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Resid. Df Resid. Dev. P(>|Chi|)
831
383.59
829
382.43
0.561
828
355.85
<0.0001
827
329.61
<0.0001
825
316.67
0.002

Figure 3.1. Annual variability in air temperature at La Selva Biological Station and
temperature data for the study period. The solid black line indicates the weekly average
of mean daily temperature (average of "long-term" data: Apr 1982-Dec 2008); the shaded
area represents the range between weekly averaged daily maximum temperature and
weekly averaged daily minimum temperature (both based on long-term data). The
broken black line indicates the weekly-averaged mean daily temperature for the period of
this study (May 2007 - Apr 2008); the broken red line and broken blue lines indicate
weekly averaged daily maximum temperature and weekly averaged daily minimum
temperature, respectively, over the period of this study.
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Figure 3.2. Estimated infection prevalence among three species of common frogs
between May 2007 and April 2008. Shaded areas indicate 95% confidence intervals for
infection prevalence by Bd. The broken line indicates weekly average of daily average
air temperature during the study period.
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Figure 3.3. Estimated relationship between 30-day air temperature and prevalence of
infection by Bd. Prevalence increases with cooler temperatures, and most variability in
prevalence is driven by the lowest temperatures experienced at the site.
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Figure 3.4. Associations between body length (SVL) and infection by Bd for three
species of frogs.
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Figure 3.5. Bd load given by species. Individual points represent outliers beyond the
90% percentile. Oophaga pumilio showed higher Bd loads than either R. haematiticus or
C. bransfordii.
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CHAPTER 4: LITTER DYNAMICS REGULATE POPULATION DENSITIES OF
AMPHIBIANS AND REPTILES IN A DECLINING TROPICAL HERPETOFAUNA
ABSTRACT
Populations of terrestrial amphibians and reptiles have declined dramatically over the
past four decades at La Selva Biological Station, a protected rainforest reserve in lowland
Costa Rica. Because the quantity of standing leaf litter on the forest floor is the
predominant correlate of abundance for the litter herpetofauna, it was suggested that
changes in litter dynamics may be related to faunal declines for both amphibians and
reptiles. I conducted a 16-month experimental investigation of the relationship between
litter depth and herpetofaunal density. I established nine 15x15m capture-recapture plots
in fall 2006, and sampled frogs and lizards on each plot on 99 separate occasions during
which all encounters of frogs and lizards were recorded, and captured animals were
assigned unique marks. After a 6-mo pre-treatment period, plots were assigned to three
treatments: litter addition (L+), litter removal (L-), or sham treatment controls (C). Total
encounters of pooled amphibians and reptiles were higher in the L+ treatment than in
controls in the post-treatment period, while total encounters were fewer in L- treatments,
consistent with a priori expectations. Species-level response to treatments were
individualistic; some common species increased in density in L+ treatments and reduced
density in L- treatments while other species showed no effects of litter manipulation. The
greatest response to manipulations was by the fastest-declining species encountered at
our study site. Further, synthesis of datasets on litter depth from separate studies over
four decades indicates interannual variability in standing litter quantity, and suggests
possible long-term reductions in standing litter depth.
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INTRODUCTION
In the past three decades, amphibian assemblages across the world have suffered
rapid, unexpected population declines and widespread extinctions (Alford and Richards
1999, Young et al. 2001, Stuart et al. 2004). Approximately 33% of amphibian species
are currently threatened with extinction (Stuart et al. 2004), and while conventional
threats such as habitat loss and modification are directly responsible for many of these
declines, much research attention has been focused on so-called “enigmatic declines”
(Lips et al. 2006, Pounds et al. 2006, Lips et al. 2008) Enigmatic declines are particularly
concerning for conservation biology because these declines may occur in protected areas
– refuges for biodiversity from direct anthropogenic threats, and habitats generally
thought to be relatively pristine (Lips et al. 2006, Whitfield et al. 2007, Smith et al.
2009). In the highly diverse neotropical realm, enigmatic declines often manifest as
sudden population reductions and extirpations on a local scale; yet on a regional scale
these decline events are producing severe contractions in species’ ranges and widespread
extinctions (Young et al. 2001, Lips et al. 2005a, Lips et al. 2005b, Smith et al. 2009,
Whitfield et al. in press).
Most reported enigmatic decline events appear similar in a number of underlying
characteristics: amphibians decline while other components of biodiversity appear
unaffected; declines generally occur in cool climates (generally above 400m asl in the
Neotropics); and declines occur suddenly – over a period of weeks to months (Lips et al.
2005a, Lips et al. 2006, Whitfield et al. in press). Populations of amphibians have also
declined at La Selva Biological Station – a protected lowland (<150m asl) biological
reserve in northeastern Costa Rica (Whitfield et al. 2007). While the declines at La Selva

154

may be considered enigmatic because they are not caused by obvious direct
anthropogenic effects (habitat loss, overexploitation), in a number of ways the declines at
this site are inconsistent with other reported decline events in Central America. First,
declines of forest-inhabiting amphibians at La Selva occurred gradually – over a period
of four decades rather than within a single year. Second, populations of terrestrial lizards
accompanied declines in amphibians. Additionally, enigmatic declines in the neotropics
are believed to differentially affect stream-inhabiting amphibian species; in contrast,
amphibians at La Selva known to have declined are predominantly terrestrial species
which have little or no contact with streams. Finally, virtually all other sites in the New
World tropics where widespread amphibian declines have been reported have occurred in
cooler climates (generally >400m asl). The mechanistic factors responsible for faunal
declines at La Selva have not been established.
A number of novel stressors may be implicated in faunal declines at La Selva,
including habitat fragmentation (Bell and Donnelly 2006, Sigel et al. 2006), pesticide
contamination (Daly et al. 2007a, Daly et al. 2007b), emerging infectious diseases
(Puschendorf et al. 2009), and climate change (Clark et al. 2003, Aguilar et al. 2005,
Whitfield et al. 2007). However, most processes generally emphasized in enigmatic
decline research are not parsimonious explanations for faunal declines at La Selva.
Enigmatic declines caused by chytridiomycosis – the emerging infectious disease caused
by chytridiomycete fungus Batrachochytrium dendrobatidis (Bd) – are predominant in
the literature, yet Bd has not been reported to cause widespread declines in lowland
amphibian faunas, Bd-driven declines are sudden rather than gradual, and Bd does not
affect lizards.
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Whitfield et al. (2007) proposed that declines at La Selva may be at least partially
attributable to reductions in standing quantity of leaf-leaf litter on the forest floor. Both
the terrestrial amphibians and terrestrial reptiles which have suffered declines at La Selva
are highly dependent on leaf litter as a microhabitat (Scott 1976, Lieberman 1986). Leaf
litter also serves as the trophic base of litter arthropods in brown food webs (Kaspari et
al. 2008, Kaspari and Yanoviak 2008, 2009), upon which terrestrial amphibians and
reptiles prey (Lieberman 1986, Whitfield and Donnelly 2006). Leaf litter provides
shelter and refuge from predation (Cooper et al. 2008a, b, 2009). Finally, leaf litter
creates a moist microhabitat on the forest floor, upon which amphibians depend to
prevent desiccation, and upon which both lizards and terrestrially-breeding amphibians
are critically dependent to prevent desiccation of vulnerable egg stages (Schlaepfer 2003,
Socci et al. 2005).
Every major study that has examined the leaf litter herpetofauna at La Selva has
demonstrated positive correlations between density of amphibians and reptiles and
standing quantity of leaf litter. Scott (1976) was among the first to suggest that litter
quantity relates to abundance of terrestrial amphibians and reptiles – specifically that
upland sites in Costa Rica have both much greater litter quantity and much greater
amphibian and reptile densities in this litter. Lieberman (1986) reported data from an
extensive sampling of litter amphibian and reptile communities from La Selva, and
identified litter volume as a primary correlate of amphibian density. Specifically,
Lieberman (1986) demonstrated that both litter volume and amphibian and reptile
densities at La Selva are higher during the dry season than during the wet season, and that
both litter volume and herpetofaunal densities are greater in plantations of cacao
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(Theobroma cacao) than in primary forest. Fauth (1989) surveyed ten Costa Rican sites
across a broad elevational gradient and found that density was positively – though not
significantly – correlated with litter quantity. Heinen (1992) sampled amphibians and
reptiles at La Selva in primary forest and in abandoned cacao plantations and found
positive correlations between litter quantity and herpetofaunal density across and within
forest types. Whitfield and Pierce (2005) compared density and litter quantity between
microhabitats, and found generally higher densities of amphibians and reptiles in
microhabitats with greater litter volume.
However, Whitfield and Pierce (2005) argued for caution in interpretation of the
relationship between litter depth and amphibian or reptile densities because all links
between the two have been correlative. Litter quantity and herpetofaunal densities may
covary because both are related to productivity, soil type, edaphic variability, tree species
composition, or moisture (Meentemeyer 1978, Lieberman 1986, Couteaux et al. 1995,
Wieder and Wright 1995, Aerts 1997, Heneghan et al. 1998, Vonesh 2001, Watling 2005,
Kaspari et al. 2008, M. Kaspari 2008). Because quantity of standing leaf litter has been
suggested repeatedly to be the primary factor determining population densities of
terrestrial amphibians and reptiles at this site, an empirical demonstration that litter depth
regulates population densities of amphibians and reptiles is could greatly improve our
understanding of the ecology of the leaf-litter herpetofauna, with strong implications for
our understanding of declines in this assemblage.
Herein, I report the results of two tests to evaluate the role of leaf-litter in
reductions in population density of amphibians and reptiles. First, I conducted a 16month experimental manipulation of the quantity of standing litter on the forest floor, and
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measured the response of amphibians and reptiles to this manipulation. Second, I
compile data from multiple studies, spanning 1973-2008, to evaluate evidence for
changes in litter dynamics associated with the litter depletion hypothesis for declines at
this site.

METHODS
Study Site
La Selva Biological Station is a 16 km2 private biological reserve in the
northeastern lowlands of Sarapiquí, Heredia Province, Costa Rica (10o 26' N, 83o 59' W).
The site has been protected and managed by the Organization for Tropical Studies since
1968 (Clark 1990), and has been described as lowland wet forest, with elevation ranging
from 35m to 137m asl. The site receives on average 4000mm annual precipitation, with
no month on average receiving <100mm rainfall. The majority of the site is primary
forest, apparently with only small-scale direct human impacts since the European
invasion of the Americas; other parts of the reserve include forests regenerating from
pasture and other agricultural uses (McDade and Hartshorn 1994). The reserve rests at
the foot of 460km2 Parque Nacional Braulio Carrillo, a national protected area which
extends to ~2900m in elevation. Since the 1950s, the lowland regions surrounding La
Selva have largely been converted from a continuous expanse of rainforest into
heterogeneous patches of pasture, agricultural plantations (typically cacao, palm heart,
bananas, and pineapple), and residual forest fragments (Butterfield 1994). The
amphibian fauna of La Selva is very well-known, with 52 amphibian species known to
occur at the site (Guyer 1990, Donnelly 1994, Guyer and Donnelly 2005), Whitfield pers.
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obs.). The site has experienced a prolonged, gradual decline in total density of terrestrial
amphibians (Whitfield et al. 2007), but with little or no evident species loss.

Study plots
Within old-growth forest in the La Selva reserve, I established nine 15 x 15m
permanent study plots as the experimental units in this study. I judged these plots to be
of sufficient size for this study because of effective use of plots of this size for similar
manipulations at this site (Donnelly 1987, Guyer 1988b, a, Donnelly 1989c, a, Donnelly
1989b). Plots were arranged in three spatial blocks to maximize spatial extent of the
study and to encompass variation in habitat characteristics, but to minimize spatial
heterogeneity within replicates. Each spatial block contained three plots separated by
between 34 and 103 m (mean = 59.8m). I placed each spatial block on a different soil
type, but all plots were established in mature forests on low-grade terrain. I marked each
plot with an array of 36 grid tubes spaced at 3m intervals.

Current litter dynamics
At the onset of the study, I erected a single 50x50cm litter trap at each plot. Litter
traps were located 1m from the ground, and consisted of a suspended mesh basket into
which litter fell; the trap design prevented leaf loss. I placed litter traps haphazardly at
one point along the edge of each plot, and moved the traps at irregular intervals
throughout the duration of the study. I collected all litter from each trap biweekly, then
dried the litter at 60ºC for at least 72 hrs until thoroughly dry and weighed the total dry
litter mass.
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At irregular intervals throughout the study period, I also measured the quantity of
standing leaf litter on the study plots. I used a geographic information system (ESRI
ArcGIS) to generate random points from each study plot with reference to the existing
grid posts. At each standing leaf-litter measurement period, I calculated the amount of
standing leaf litter at twenty random points in each plot, for a total of 2965 points where I
conducted measurements of standing leaf litter. At each point, I measured leaf litter
using three metrics: first, I measured the distance between the top of the soil and the top
of the leaf litter to the nearest 0.1mm with a dial calipers (“measured depth”). Second, at
the same point where the depth was taken in mm, I counted the number of leaves pierced
by the probe on the dial calipers (“count depth”). Finally, I use presence or absence of
leaf litter at these random points as a third metric of litter quantity (“litter cover”). While
these three metrics are correlated, they provide different information about the quantity of
standing leaf litter. In the post-treatment period, I measured standing litter quantity
immediately before litter manipulation; thus, our measurements of litter quantity provide
a conservative estimate of litter quantity because they represent two weeks of relaxation
following manipulation.

Amphibian and reptile sampling
I sampled amphibians and reptiles on each plot every other week from 01
September 2006 to 14 December 2007, for a total of 33 sampling “sessions” per plot.
Each sampling session consisted of three samples of each plot, generally on three
subsequent days, but in a few instances (35 of 890 total sampling sessions) sampling
occurred over three days within a four-day period. The three plots within each sampling
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block were always sampled subsequently to control for variation in weather or amphibian
and reptile activity, and the team of observers was almost always fixed among plots
within a block. I randomized the sampling sequence of spatial blocks, and the sampling
sequence of treatments within each block in advance of that sampling session. With a
single exception, I always sampled the three treatments within each sampling block
within the same day.
During each sampling event, between one and three observers (generally one or
two observers) walked slowly along grid posts, at a rate of approximately 3m min-1, for a
total search time for each plot of approximately 30min. During searches, observers
carefully scanned the ground and all vegetation to a height of ~2m for any amphibians
and reptiles, and leaf litter was gently agitated with a probe to elicit movement by hidden
or cryptic species. For any amphibians or reptiles detected during sampling events, I
recorded species and location with reference to the nearest grid post. I measured all frogs
and lizards captured to the nearest 0.1mm, measured animals with a spring scale to the
nearest 0.05g, and marked all animals upon first capture using a unique combination of
toe-clips (Donnelly et al. 1994).

Microclimate
To determine whether standing leaf-litter affects microhabitat characteristics that
may regulate population densities of litter amphibians and reptiles, I deployed a network
of small temperature and humidity dataloggers (Embedded Data Systems Hygrochron
iButtons). These data loggers were deployed between 25 and 29 January 2007, during
the pre-treatment phase, and collected data nearly continuously until the termination of
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the experiment. I programmed dataloggers to record temperature and humidity data
every 30 minutes, and one data logger was placed under the leaf litter at the base of a
randomly selected grid post; a paired datalogger was placed approximately 30cm above
the soil on the same grid post. Two pairs of dataloggers were placed in each plot.

Litter Manipulation
Between 12 March 2007 and 31 March 2007 (after 14 pre-treatment sampling
periods on each plot), I randomly assigned plots to one of three treatments: litter addition
(L+), litter removal (L-), and sham-treatment control (L0). At the initial manipulation of
litter quantity, I removed virtually all standing leaf litter from the L- plots, inspected leaf
litter by hand to remove any amphibians or reptiles, and applied the entire quantity of leaf
litter to the adjacent L+ plot in the same spatial block. For our sham treatment, I removed
all leaf litter from the L0 plot and immediately replaced the leaf litter on the same plot.
To maintain these treatments, I continued to remove recently senesced leaf litter every
two weeks from all L- plots, and applied this leaf litter to adjacent L+ plots, but did not
remove and replace litter from L0 treatments. Litter removal and addition was always
conducted immediately after sampling from that two-week period. Treatments were
stratified by spatial blocks so that each block received one treatment plot of each type.

Long-term Litter Dynamics

To

determine whether substantial changes have occurred in quantity of leaf litter on the
forest floor, I compiled two historic datasets that had measured standing litter depth from
previous decades (Lieberman 1986, Whitfield et al. 2007), Bolaños et al. unpublished),
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and replicated these methods over a nearly two-year period (May 2006 – March 2008).
Both historic studies and our replicated methodology used the three metrics of litter depth
described previously (measured depth, count depth, and litter cover); measurements of
litter depth were taken from the corners of litter quadrats which were primarily sampled
for amphibians and reptiles.

Analysis
Current litter dynamics
I analyzed quantity of standing litter on plots with generalized linear mixed effects
models using the lmer procedure in the lme4 package of R, specifying treatment and pretreatment/post-treatment as fixed effects and block, plot, and sample as random effects. I
specified Gaussian errors for depth in mm, Poisson errors for count depth, and binomial
errors for litter cover. I compared rates of litterfall between treatments and pre/post
treatment periods and correlations between precipitation and litterfall with a generalized
linear mixed model. I specified Gaussian distributions on log(litterfall mass) and
log(precipitation) and used treatment and pre/post treatment period as fixed effects, and
block, plot, and location of litter trap within plots as random effects.

Long-term litter dynamics
To analyze change in measured depth I used a linear mixed effects model with decade
(1970s, 1980s, 2000s) as factors and month and quadrat identity as random factors. To
analyze change in count depth and litter cover, I used generalized linear models using.
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Poisson and binomial error distributions and the random factors specified as for measured
depth.

Encounters
I evaluated changes in number of animals encountered using a generalized linear mixed
effects model with Poisson errors in lmer. I used number of encounters per sample
session as a response variable, specified treatment and treatment period as fixed factors
and included block and plot as random factors. I conducted this analysis for all
amphibians and reptiles, for pooled frogs, pooled lizards, and for each of the six most
commonly encountered species in this study (the frogs Oophaga pumilio, Craugator
bransfordii, Craugastor mimus; and the lizards Norops humils, Norops limifrons, and
Sphenomorphus cherriei).

Microclimate
I analyzed microclimate data (temperature and relative humidity) with linear mixed
models with treatment (L0, L-, L+), period (pre-treatment, post treatment), and datalogger
location (under leaf litter or in air) as fixed factors and with datalogger location as a
random factor.

RESULTS
Current litter dynamics
In the pre-treatment period, count depth and litter cover did not differ among
experimental treatments (all P > 0.1), but measured depth was greater in both L+ plots
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(z=2.14, P= 0.03237) and in L- (z=2.19, P= 0.02856) than in L0 plots (Fig. 1).
Experimental manipulations of litter depth caused a dramatic reduction in quantity of
standing litter on L- plots (measured depth: z= -7.83, P<0.0001; count depth: z=

-

10.506, P<0.0001; litter cover: z=-6.763 P<0.0001). Litter addition produced a dramatic
increase in depth of standing leaf litter (measured depth: z=2.75, P=0.00593; count depth:
z=6.911 P<0.0001; litter cover: z=4.516, P<0.0001). There was a much less severe
increase in quantity of standing litter on L0 plots during the post-treatment period
according to leaf counts and measured litter depth, but not litter cover (measured depth:
z=2.88, P=0.00402; count depth: z =2.564, P=0.0103; litter cover: z=1.449, P=0.147330;
Fig. 1A-C).
There were no effects of treatment (F2,4=1.4489, P=0.3363), treatment period
(F1,250=1.6996, P=0.1935), or precipitation (F1,234=0.0903, P=0.7641) on rates of litterfall.
However, there was a significant interaction between treatment and treatment period on
rates of litterfall: while there were no differences in litter fall among treatments in the
pre-treatment period, both L +and L- plots received more litterfall in the post-treatment
period than L0 plots (F2,250=3.8314, P=0.0230).

Encounters
I encountered a total of 4192 amphibians and reptiles, including 3020 frogs
representing 20 species, 1152 lizards representing 13 species, and 18 snakes among 7
species (Table 1). For all amphibians and reptiles pooled, there were increases in total
encounters in both L0 (z= 6.694, P<0.0001) and L+ plots in the post-treatment period
(although no difference in size of increase between L0 and L+ (z= 0.265, P<0.791), and a
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strong decrease in total encounters in the L- plots (z= -3.758, P<0.002, Figure 2A). For
all frogs, there was a similar pattern, with increases in number of encounters in L0 (z=
6.700, P<0.0001) and L+ plots, and a strong decrease in number of encounters for L- plots
(z= -3.522, P=0.0004), but no difference in size of increase between L0 and L+ plots (z=
1.878, P=0.0604; Table 2B). For all lizards, while there was an increase in number of
encounters for L0 plots (z= 2.680, P=0.0073), there was a decrease in total number of
encounters for both L- (z= -2.387, P=0.0170) and L+ (z= -2.578, P=0.0099; Figure 2C)
plots relative to controls.
Responses to manipulation by the most common species were individualistic.
Encounters of Oophaga pumilio did not change on L0 plots (z= 1.326, P=0.1850) or Lplots (z= -1.620, P=0.1052), but increased on L+ plots (z= 2.147, P<0.0318. Figure 3A).
Encounters of Craugastor bransfordii increased on control plots (z= 6.289, P<0.0001),
but decreased on L- plots relative to controls (z= -1.912, P=0.0558) and the increase on L+
plots was comparable to increases for controls (z= 0.648, P=0.5169; Figure 3B).
Encounters of Craugastor mimus increased on L0 (z= 3.147, P=0.0017), and relative to
controls, decreased on L- plots (z= -2.242, P=0.02497) but response on L+ plots did not
differ from controls and L+ plots (z= 0.543, P<0.5862, Figure 3C). Encounters of Norops
humilis showed no change in L0 (z= 0.668, P=0.5042), and L+ treatments did not differ
from controls (z= -1.780, P=0.0750), but there was a decrease on L- plots relative to
controls (z= -2.489, P=0.0128, Figure 4A). Encounters of Norops limifrons showed no
change in the post-treatment period in controls (z= 1.897, P=0.5778), but there were
fewer encounters relative to controls on both or L- plots (z= -0.608, P=0.5.429) and L+
plots (z= -3.606, P=0.0003, Figure 4B). Encounters of Sphenomorphus cherriei
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increased on both L0 plots (z= 2.372, P=0.0178), and while the increase on L+ plots was
no different than controls, (z= 0.245, P=0.8062) encounters decreased strongly on Lplots relative to controls (z= -3.592, P=0.0003, Figure 4C). Effect sizes for pooled and
individual taxa are given in Table 2.

Microclimate
Average daily air temperatures in the pre-treatment period (23.0°C) were slightly
higher than average soil temperatures (22.8°C, F1,7429=19.34, P<0.0001), maximum daily
temperatures were higher in air (26.0°C) than in soil (25.0°C, F1,7429=1236.31, P<0.001),
and minimum daily temperatures were lower in air (20.9°C) than in soil (22.2°C,
F1,7434=607.63, P<0.001). In the pre-treatment period, there was no effect of treatment on
average daily temperature (F2,63=0.12, P=0.8881), maximum daily temperature
(F2,63=0.30, P=0.7419), or minimum daily temperature (F2,63=0.09, P=0.9183). Both air
and soil temperatures in the post-treatment period were warmer than in the pre-treatment
period (average temperature: F1,7249=.52, P <.0001; maximum temperature:
F1,7429=170.94, P<0.0001, minimum temperature: F=1,7429=800.19, P <0.0001). There
was no interaction between treatment and treatment period for average daily temperature
(F2,7429=1.32, P=0.2669), but there were significant interactions between treatment and
treatment period for maximum daily temperatures (F2,7249=10.97, P <0.0001) and for
minimum daily temperatures (F2,7429=7.76, P=0.0004). These interactions between
treatment and treatment period for air temperature are attributable to a smaller increase in
average air temperatures in the L- treatment compared to the L0 treatment, higher
increases in maximum air temperatures than in L0 or L+ treatments, a larger increase in
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maximum air temperatures in the L- treatment than in L0 or L+ treatments, and a smaller
increase in minimum air temperatures in the L- treatment than in L0 or L+ treatments
(Figure 5). For soil temperatures, there was a higher increase in average soil
temperatures in the post-treatment period in L- treatment than in L0 or L+ treatments and a
higher increase in maximum daily soil temperatures in the L- treatment than in L0 or L+
treatments, but no difference in the rate of change for minimum temperatures (Figure 5).

Long-term litter dynamics
There was no change in measured litter depth between the three study periods
(1973-1974, 1994-1995, 2006-2008; F2,989=0.40331, P=0.6682). There was a difference
in count depth between decades (χ25=25.913, P<0.0001) attributable to a sharp decrease
in number of leaves between the 1995-1996 sampling period and the 2006-2008 sampling
period, but no change between the 1973-1974 and 1995-1996 sampling periods (Figure
6). There was also a change in litter cover (χ25=43.563, P<0.0001) attributable to a sharp
decrease between the 1995-1996 sampling period and the 2006-2008 sampling period,
but no change between the 1973-1974 and 1995-1996 sampling periods (Figure 6).

DISCUSSION
This study demonstrates that approximately 50% reductions in standing litter
mass have dramatic effects on number of encounters for both amphibians and reptiles,
confirming correlations detected by others (Scott 1976, Lieberman 1986, Fauth et al.
1989, Heinen 1992). For all sampled species, effect sizes for litter removal treatments
were negative, consistent with our expectations, although the size of the effect varied
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widely among the six focal taxa I studied. In general, there were increases in number of
encounters in the post-treatment period in both control and litter addition treatments.
Further, increasing litter depth produced a range of responses for focal species, including
either increases or decreases in number of encounters. Only one species, Oophaga
pumilio significantly increased in litter addition treatments relative to controls, although
non-significant effect sizes for common species were positive with the exception of two
species of Norops (Table 2).
A number of important factors greatly complicate efforts such as this one to
conduct large-scale manipulations in complex environments such as tropical forests
(particularly microhabitat characteristics such as soil composition, canopy cover and sun
specks, plant species composition, aspect, slope, etc.). Perhaps most importantly for
microhabitat variation is that characteristics of leaf litter vary greatly across short
distances – defined by the spatial distribution of individual trees or lianas. Guyer
(1988a,b) proposed that populations of Norops humils vary in relation to phenological
patterns of leaf fall on the scale of individual trees. While some dominant canopy species
have very small leaflets that provide virtually no refuge from predation or (e.g.,
Pentaclethra macroloba, the dominant tree species at La Selva), other species produce
large, lignin-rich leaves which accumulate in thick mats and decompose slowly (i.e., the
lianas Doliocarpus multiflorus and Pinzona coriacea and tree species in the genera
Sloanea and Lecythis). In contrast to the structural microhabitat provided by large leaves,
litter is the predominant source of nutrients incorporated into tropical forest soils (Wood
et al. 2005). While slow-decomposing leaves may provide more structural microhabitat,
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rapidly-composing leaves may provide more immediate bursts of nutrients into brown
food webs upon which litter amphibians and reptiles rely.
Unfortunately, issues of detection probability complicate our efforts to relate
number of encounters to population density of amphibians and reptiles on our study plots.
I expect that because litter is a common refuge from predators, increased litter depth
reduces detection probability for most species of leaf-litter amphibians and reptiles.
Consequently, I expect detection probability to be highest on litter removal treatments,
intermediate on control treatments, and lowest on litter addition treatments. Such biases
in detection probability are likely to considerably underestimate the effect sizes I report
herein. While such biases could be accounted for using mark-recapture analyses, our
recapture rates for most species in this study were too low to estimate robustly either
detection probability, or ultimately population size, on individual plots.
The rates at which frog and lizard species have declined at La Selva vary
considerably among species (Whitfield et al. 2007). If reductions in standing litter
quantity are at least in part responsible for long-term declines in amphibian and reptile
populations at La Selva, I may expect effect sizes for litter manipulation treatments to
correlate with decline rate for sampled taxa. Unfortunately, the relatively small number
of regularly-encountered species complicates efforts to directly correlate decline rate with
effect size of experimental manipulations. However, the two species with the largest
effect size in litter removal treatments were Craugastor mimus and Sphenomorphus
cherriei – the frog and lizard species with the highest decline rate for those amphibians
and reptiles sampled in the present study (Whitfield et al. 2007). Whitfield et al. (2007)
indicated that only two La Selva taxa have declined at a higher rate than C. mimus and S.
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cherriei: salamanders of the genus Oedipina, which were not encountered during the
current study, and to our knowledge have only been observed on one occasion at La
Selva since 2000; and the gecko Lepidoblepharis xanthostigma, which was formerly the
second-most common lizard at La Selva (Scott 1976, Lieberman 1986), but which was
only observed on one occasion during this study.
Wanger et al. (2009) manipulated leaf litter depth in a study exploring
microhabitat determinants of amphibian and reptile diversity in cacao plantations in
Sulawesi. They found no significant general increases in abundance of amphibians or
reptiles in response to either litter addition or litter removal, and found that individual
species’ responses to manipulations were highly species specific. Yet they found that
manipulation of quantity of leaf litter affected reptile species richness, but not amphibian
species richness. However, direct comparisons between the Wanger et al. (2009) study
and ours are complicated because of two primary factors: enormous differences between
species characteristics of Neotropical versus southeast Asian herpetofaunas (Scott 1976);
and because primary tropical forests encompass enormous spatial variation in structural
habitat complexity (including complexity of leaf litter), much of which is lost in
monodominant stands of cacao (which generally flush multiple times in a year and have
year-round abundant leaf-litter (Lieberman 1986).
Wanger et al. (2009) also found that the species that responded most intensely to
manipulations were those species that were tolerant to disturbance, a finding not entirely
consistent with our own. Sphenomorphus cherriei, a rapidly-declining species which
responded strongly to our manipulations, is rather tolerant to some types of disturbance
such as cacao plantations (Heinen 1992), litter-rich secondary forests (Whitfield et al.
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2007), and forest fragments (Bell and Donnelly 2006) does not appear resistant to warmer
disturbed microhabitats such as very young secondary forests or cattle pastures
(Whitfield, pers. obs). Craugastor mimus, another rapidly-declining species which
responded strongly to the manipulations does not appear resistant to any type of forest
disturbance (Bell and Donnelly 2006, Whitfield et al. 2007). Other species that are
known to be tolerant to disturbance either responded to manipulations as expected (O.
pumilio) or responded in unexpected ways (i.e., the lizards N. humils and N. limifrons).
In general, our findings on the relationship between response to manipulations and
disturbance tolerance do not agree with those of Wanger et al. (2009) and could reflect
the difference between intact forest ecosystems and the ecosystems that develop with
plantations of a single dominant species.
Thick leaf litter appears to provide a thermal buffer of relative stability in
comparison to either air above leaf litter, or to soil where leaf litter is very thin. Further, it
appears that removal of leaf litter contributed to increased variability in air temperatures
up to 20cm above the soil. The thermal buffer may be important for both amphibians
and reptiles, as recent studies have indicated that ectotherms that are thermoconformers
in lowland forests often experience ambient temperatures near or above their thermal
critical maxima (Colwell et al. 2008, Huey et al. 2009). Perhaps even more important
than stable temperatures is increased humidity found in deep leaf-litter. Amphibians are
particularly sensitive to drought, and experimental studies have indicated that eggs of
lizards of the genus Norops also experience high mortality associated with desiccation
(Schlaepfer 2003, Socci et al. 2005). While I originally sought to measure humidity in
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association with temperature, I experienced very high fail rate for humidity dataloggers
within weeks of deployment.
Our compilation and replication of historic measurements of litter depth provides
some evidence of long-term change in quantity of standing leaf litter. The measured
depth of leaf litter did not change, but depth in number of leaves and litter cover were
both significantly lower in 2006-2008 than in 1973-1974 and 1995-1996. The difference
in response metrics is likely to the result of the high variability in measured depth on
short timescales: dry litter may be rather voluminous, yet measured litter depth may be
greatly reduced at the same point after compaction of litter by heavy rains. Therefore the
measured depth at a single point may vary considerably over very short intervals, such as
upon the onset of rain after only a few dry days. Because of this variation, I argue that
depth in number of leaves represents a more stable metric for assessing litter quantity
with considerably less variation attributable to weather or observer effects. Quantity of
standing litter is notoriously difficult to accurately measure, and because the
methodological techniques used by early studies are not consistent with preferred modern
methodologies. However, effective replication of historic methodologies is the only way
to produce directly comparable estimates of change in standing litter quantity, even if
historic studies use methodology that is no longer favorable. While these datasets
suggest a possibility of reduced standing litter over time, I would refrain from
interpreting these data as strong evidence of a sustained directional trend until more
complete historical datasets become available. However, I do believe that these data
should encourage more attention to the possibility of long-term changes in litter
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dynamics, and at least underscore substantial inter-annual variation in litter quantity on
the forest floor.
Litter dynamics in tropical forests are extremely complex and there are few
empirical studies of these dynamics (Meentemeyer 1978, Vitousek 1984, Parker 1994,
Couteaux et al. 1995, Byard et al. 1996, Aerts 1997, Scott and Binkley 1997, Cuevas and
Lugo 1998, Heneghan et al. 1998, Lawrence and Foster 2002, Vasconcelos and Laurance
2005, Kaspari 2008). Both litterfall and litter decomposition rates vary spatially and
temporally, among plant species and forest types and ages. Further, periodic climatic
events such as El Niño/La Niña events may have profound impacts on either litterfall or
litter decomposition. Uninhibited by predation from mesopredators, rapid apparent
population growth of collared peccaries at La Selva has been suggested to impact litter
quantity though mechanical trampling and through foraging activities in leaf-litter.
Further, non-native earthworms have become established at La Selva in recent decades,
and are well-known to accelerate decomposition in other sites (Holdsworth et al. 2008,
Belote and Jones 2009, Forster et al. 2009, Gomez-Brandon et al. 2010, Huang et al.
2010).
The long-term litter data indicate that there was no substantial difference in litter
depth between 1973-1974 and 1994-1995, though there was considerably less litter from
2006-2008 than in past sampling. This timescale corresponds both to apparent increase
in population size of collared peccaries, as well as increased frequency of ENSO events.
However, Whitfield et al. (2007) report that declines in populations of amphibians and
reptiles were well underway by the mid-1990s. While changes to standing litter quantity
may be one factor contributing to declines in populations of amphibians and reptiles, it is
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at best one of a suite of long-term changes at La Selva which may be affecting
populations of frogs, lizards, and other vertebrates.

This study confirms widespread and long-standing correlational studies that have
indicated that litter depth has profound effects on density of most common litter
amphibians and reptiles at La Selva. In particular, I found evidence of particular
dependence upon leaf litter among those species that had declined most rapidly as
determined from long-term data. Further, while our evidence for long-term change in
leaf-litter is limited because of the paucity of historical data on standing litter depth, I did
find some evidence that litter depth may have decreased since the earliest samples in the
1970s. Together, these results indicate that leaf litter may be critical for regulating
population densities of litter amphibians and reptiles, and may be part of a suite of factors
contributing to long-term declines in amphibian and reptile populations at this site.
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Table 4.1. Encounters by treatment period and manipulation type.
Taxon
Frogs
Rhaebo haematiticus
Bufo melanochlorus
Craugastor bransfordii
C. crassidigitus
C. fitzingeri
C. megacephalus
C. mimus
C. talamancae
Pristimantis cerasinus
P. cruentus
Diaspora diastema
P. ridens
Lithobates warsczewitchii
Oophaga pumilio
Leptodactylus savagei
Gastrophryne pictiventris
Hyalinobatrachium fleishmanii
Scinax boulengeri
S. eleaochroa
Smilisca baudinii
Unidentified frog
Lizards
Corytophanes cristatus
Norops biporcatus
N. capito
N. carpenteri
N. humilis
N. lemurinus
N. limifrons
Ameiva festiva
Lepidophyma flavimaculata
Lepidoblepharis xanthostigma
Gonatodes humeralis
Thecadactylus rapicaudus
Sphenomorphus cherriei
Unidentified lizard
Snakes
Coniophanes fissidens
Imantodes cenchoa
Leptophis mexicanus
Rhadinea decorata
Pseustes poecilochilonotus
Bothrops asper
Porthidium nasutum
Unidentified snake
Unidentified
Total

Pre-Treatment
L+
C
L-

109

1
3
90

Post-Treatment
L+
C
L-

2
1
136

3

2
5
178

8
2
5

1

299
1
5
2
31
2
21

2

10

14

10

11

177

201

169

1
273

1
249
6

1
13
5
3

1
4
7

Total

1
411
3

13
11
15

61
4
11
1
14
1
1
348

1
1
1
5
1
4

5

1
2
60
36
12

5
1

7
9

10

16

5

1

1
2

2

1
91
4
72
18

7
2
3
1
55
5
76
27

22
7

1
2
1

67
1
45
9

12
2

83
2
103
13
1
1
3
12
1

1
84
5
83
32
1
2
61
5
2

2
1

1
1

1
1

1
2
1

436

466
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568

1
1
1
876

1
2
1
683

2
1165

8
10
1223
1
10
32
123
11
53
1
61
1
3
1417
6
1
1
1
12
1
44
14
4
7
4
440
17
415
111
2
1
5
1
114
17
2
2
1
3
1
1
4
4
0
4
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Table 4.2. Estimates of effect size (and 95% CIs in parentheses) for litter removal and
litter addition on encounters of amphibians and reptiles.
Taxon
All amphibians and reptiles
All frogs
All lizards
Oophaga pumilio
Craugastor bransfordii
Craugastor mimus
Norops humilis
Norops limifrons
Sphenomorphus cherriei

L-0.3154
(-0.48, -0.15)
-0.3520
(-0.55, -0.16)
-0.3830
(-0.7, -0.07)
-0.2192
(-0.48, 0.05)
-0.3271
(-0.66, 0.01)
-1.5061
(-2.82, -0.19)
-0.6139
(-1.1, -0.13)
-0.1691
(-0.071, 0.38)
-3.273
(-5.06, -1.49)
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L+
0.0206
(-0.13, 0.17)
0.1771
(-0.01, 0.36)
-0.3772
(-0.66, -0.09)
0.2890
(0.03, 0.55)
0.0969
(-0.2, 0.39)
0.3403
(-0.89, 1.57)
-0.4046
(-0.85, 0.04)
-0.9091
(-1.4, -0.41)
0.1443
(-1.01, 1.3)

Table 4.3. GLM results for microclimate data. A: Average temperature, B: Daily
maximum temperature, C: Daily minimum temperature.
A: Average Temperature
(Intercept)
Sensor location (Air vs. Soil)
Treatment period (Pre vs. Post)
Treatment Type (L0, L+, L-)
Location x Treatment period
Location x Treatment
Treatment period x Treatment
Location x Treatment Period x Treatment

df
1, 7429
1, 7429
1, 7429
2, 63
1, 7429
2, 7429
2, 7429
2, 7429

F
135873.4
19.34
995.52
0.12
0.26
4.81
1.32
2.45

P
<.0001
<.0001
<.0001
0.8881
0.6131
0.0081
0.2669
0.0867

B: Maximum Temperature
(Intercept)
Sensor location (Air vs. Soil)
Treatment period (Pre vs. Post)
Treatment Type (L0, L+, L-)
Location x Treatment period
Location x Treatment
Treatment period x Treatment
Location x Treatment Period x Treatment

df
1, 7429
1, 7429
1, 7429
2, 63
1, 7429
2, 7429
2, 7429
2, 7429

F
61091.43
613.19
170.94
0.3
1.8
35.47
10.97
0.95

P
<.0001
<.0001
<.0001
0.7405
0.1799
<.0001
<.0001
0.3862

C: Minimum Temperature
(Intercept)
Sensor location (Air vs. Soil)
Treatment period (Pre vs. Post)
Treatment Type (L0, L+, L-)
Location x Treatment period
Location x Treatment
Treatment period x Treatment
Location x Treatment Period x Treatment

df
F
1, 7429 201192.09
1, 7429
1236.31
1, 7429
800.19
2, 63
0.09
1, 7429
19.42
2, 7429
21.47
2, 7429
7.76
2, 7429
7.95

P
<.0001
<.0001
<.0001
0.9183
<.0001
<.0001
0.0004
0.0004
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FIGURES

Figure 4.1. Effects of litter manipulation on metrics of litter depth in the pre-and post
treatment periods.
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Figure 4.2. Number of encounters per sampling session in response to manipulations
and controls for A) total amphibian and reptile encounters, B) encounters for frogs alone
and C) encounters for lizards alone.
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Figure 4.3. Number of encounters per sampling session in response to manipulations
and controls for the three most commonly-encountered amphibians in this experiment.
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Figure 4.4. Number of encounters per sampling session in response to manipulations
and controls for the three most commonly-encountered lizards in this experiment.
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Figure 4.5. Microclimate results from experimental manipulations of leaf litter. Bars
indicate maximum daily average temperature (highest cross mark), average daily
temperature (middle cross mark) and average daily minimum temperature (lowest cross
mark).
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Figure 4.6. Results of our comparisons of multi-decade metrics of litter depth.
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CONCLUSIONS
My research presented in this dissertation challenges several fundamental
assumptions in ecology of enigmatic faunal declines, with implications for applied
conservation work. Historically, most work on enigmatic decline events in tropical
America has focused on rapid declines in montane forests, and much controversy has
arisen over whether such declines are caused by climate change or the emerging
infectious disease chytridiomycosis (Pounds and Crump 1994, Pounds 2001, Lips et al.
2005, Lips et al. 2006, Pounds et al. 2006, Lips et al. 2008).
Chapter 1 of this dissertation illustrates that across Central America, a large
number of conservation risks threaten amphibian species, challenges the perception that
riparian species are particularly extinction-prone are not entirely warranted, and illustrate
great need for capacity building in the region. While it is clear that that
chytridiomycosis-related research dominates the literature, habitat modification is a
principal threat to amphibians, and one that likely has already caused extinctions.
Further, many amphibian stressors go almost completely unstudied in the region –
including threats from other emerging infectious diseases such as Ranavirus, as well as
pollution from a broad range of poorly-regulated pesticides. Historically, much emphasis
has been placed on correlations between associations with flowing water and rapid
decline associated with chytridiomycosis (Lips et al. 2003, Lips et al. 2005, Kriger and
Hero 2007), however data from across the region on conservation status shows that
terrestrial species with no association with water are as likely to face high threat as those
that live in streams, suggesting that other important factors may be at play (Whitfield et
al. 2007, Rovito et al. 2009). Finally, my literature analysis indicates that while scientists
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from Central America are poorly represented in amphibian research at large, they are
much better represented in conservation-focused research programs – such strong interest
in conservation work may greatly assist capacity building programs.
In Chapter 2, I illustrate that population data collected over 35 years at La Selva
Biological Station show that even species with no a priori reason to expect population
declines. These declines are concerning because they illustrate the phenomenon of
shifting baselines, and that even in the absence of known conservation threats,
anthropogenic impacts may be felt even in reserves thought to be among the most pristine
on the planet. Further, declines at La Selva are not only occurring for amphibians, but for
forest lizards as well. Further studies have indeed suggested that forest lizards may be at
risk from globally diffuse threats (Huey et al. 2009), and that declines in lizard
populations may be widespread in the Neotropics (Sinervo et al. 2010). Finally, this
dataset on amphibian and reptile populations supplements work from other researchers
that highlights long-term change in bird populations (Sigel et al. 2006) and growth and
mortality of large trees (Clark et al. 2003) – suggesting broad scale ecological change at
this site despite consistent habitat protection.
In Chapter 3, I evaluate the potential role of the emerging infectious disease
chytridiomycosis in declines at La Selva. Using field sampling and molecular
techniques, I find that Bd exists at this site, often at high prevalence. While Bd is
intolerant to warm temperatures, and for this reason it has been suggested that Bd cannot
exist or cause declines in lowland forests (Longo et al. 2010). While my study shows that
Bd infects frogs at La Selva nearly exclusively in cooler months, and I expect that Bd is
not native to Costa Rica, there is no robust data linking Bd to declines. Despite this, it is
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very easy to find highly infected frogs during mid-winter cold fronts, and morbid and
lethargic frogs infected with Bd can be found at La Selva, but only in the coolest times of
the year. It thus appears that Bd is very likely a novel cause of seasonal mortality for La
Selva amphibians, and may well be one contributor to population declines. However, Bd
is not believed to have the capacity to infect lizards, and the first records of Bd in Costa
Rica date to the mid 1980s (Puschendorf 2003), well after declines at La Selva were
underway.
In Chapter 4, I provide evidence that a second factor, dynamics of leaf litter, may
be implicated in declines. With a long-term replicated field experiment, I show
dependence upon leaf litter by a suite of terrestrial amphibians and reptiles. Critically, I
also show that the two species that respond most severely to manipulations are those
species that declined most rapidly in the long-term. By synthesizing historic datasets on
standing litter quantity and replicating these experiments over a two year period, I
illustrate that standing litter quantity is at least highly variable between years, and that
this evidence does not rule out long-term directional reductions in standing litter quantity.
In addition to the factors examined in this dissertation, there are almost certainly
other factors likely involved in declines at La Selva. The emerging pathogen Ranavirus
– which was believed to be absent from Central America (Picco and Collins 2007), is
present at La Selva, but I have few data on prevalence, number of species affected; and it
is unclear whether Ranavirus is native or recently introduced. Preliminary work with
amphibian tolerance to pesticides suggests that while pesticide contamination is present
at La Selva in low concentrations (Daly et al. 2007a, Daly et al. 2007b), these
concentrations certainly not high enough to cause direct mortality, and possibly too low
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to affect amphibians in any way. Many of the thermoconforming amphibians and reptiles
at La Selva may be very close to the warm edge of their distributional limit (Huey et al.
2009), and further increases in temperature may drive these species out of lowland
habitats (Colwell et al. 2008).
This study directly addresses evidence for two factors associated with declines at
La Selva. Unfortunately, most studies that attempt to explain enigmatic decline events
focus on a single factor rather than investigating multiple overlapping factors, and
conclusions of these studies are often used to guide conservation actions. While such
single-factor studies are critical for understanding how lone factors operate, they risk
ignoring other potential factors or cofactors. As I illustrate in Table 1.5, most amphibian
decline sites in Central America have experienced a number of forms of environmental
change. Thus, the potential for additive or multiplicative effects (i.e. synergistic
interactions) is of these factors high. Until more studies like this one evaluate the role of
multiple threats to amphibian populations undergoing declines, it will be impossible to
robustly evaluate which factors or co-factors are important conservation threats, and thus
effective conservation actions will remain elusive.
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